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Abstract 

Exchange bias is the shift along the magnetic field of a magnetic hysteresis 
loop, when an antiferromagnetic (AFM) layer couples with a ferromagnetic 
(FM) layer. This phenomenon very often occurs together with an enhanced 
coercivity. Exchange bias is already employed in many magneto-electronic 
devices, but although discovered 50 years ago, it is still not fully understood. 

Exchange bias is an interface effect. Roughness at the interface and com
plex AFM spin structures make it hard to describe the spin interactions 
causing the effect. Therefore we want an epitaxially grown system with a 
simple spin structure to test the used theoretica! models. Expanded fct-Mn 
can be epitaxially stabilized on FM Co, and is suggested to have a simple 
AFM spin structure. Experiments with FeMn as an AFM arealso performed 
in order to performa direct comparison with Mn, and totest the used models 
on a system with a more complex three-dimensional spin structure. 

Mn is coupled to both in- and out-of-plane magnetized FM layers, to ex
amine differences in the coupling. Therefore Mn is grown on ferromagnetic 
Co- and Ni-layers in wedge form, magnetization loops are measured for vary
ing thickness of the layers ( thus varying easy axis directions) with the po lar 
and in-plane magneto-optical Kerr effect (MOKE). 

For the Mn model system in-plane exchange bias and a Co-monolayer 
oscillating enhanced coercivity are found; out-of-plane a non-oscillating en
hanced coercivity and no exchange bias are observed. These observations 
can be explained with an extended version of the so-called Schulthess and 
Butler model. 

FeMn is grown on the same FM samples as Mn. The suggested three
dimensional spin structure leads to a distinctly magnetic behavior of these 
samples, compared to the Mn-samples (Mn has a two-dimensional structure). 
The FeMn systems also show enhanced coercivities, even more enhanced than 
with Mn. Oscillations in coercivity and bias are found in these systems. Also 
a dependenee of the antiferromagnetic spin direction on the ferromagnetic 
easy axis is found. 

Simulations based on the Stoner-Wohlfarth model are done. The model 
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calculations show qualitative quite good agreement with measurements. The 
calculations show that exchange bias and an enhanced coercivity are two 
coupled phenomena. Furthermore the calculations show that the coupling 
between FeMn and Co is much larger that between Mn and Co. 
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Chapter 1 

Introduetion 

The so-called exchange bias effect was discovered in 1956 by Meiklejohn 
and Bean for small CoO covered Co particles [1]. The effect occurs when 
a fermmagnet (FM) and an antiferromagnet ( AFM) have a shared interface. 
The most important feature of the effect is a shifted magnetic hysteresis loop 
along the field direction; this shift is called the exchange bias field H 8 ( see 
figure 1.1). Furthermore, often an enhanced coercivity (H c) is observed in 
AFM-FM coupled layers. 

The exchange bias effect has already been exploited in many novel devices 
like giant magnetoresistive spin valves, magnetic tunnel junctions, magnetic 
read heads, sensors and magnetic random access memories [2]. A complete 
understanding of the coupling mechanism may lead to even more applica
tions. Application of the exchange bias effect allows for a nonsymmetrie 
switching behavior. FM layers can be pinned in one direction, leading to a 
situation where switching in one field direction is easier ( occurs at lower H) 
than in the other. Additionally, an enhanced coercivity could be used to pin 
a layer in both field directions. 

• 
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Figure 1.1: An example of an exchanged biased magnetization loop with the definitions 
of He and HB. 
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The exact origin of exchange bias is still not known. Several theories have 
been proposed [e.g.1,3-8] during the past 50 years, but none gives a complete 
explanation. Some important theories and their shortcomings are treated in 
section 2.1. 

To obtain a more complete understanding, a relatively simple model sys
tem is needed to study interactions between interface spins. An AFM with 
a simple spin structure will therefore be beneficia!. We have used expanded 
face centered tetragorral ( e-fct) Mn as model AFM. This particular structure 
of Mn is predicted to have a relatively simple spin structure [9]. Therefore 
spin interactions descrihing the coupling should be relatively easy to deduce 
from measurements. The spin structure of e-fct Mn is in-plane, collinear 
and compensated at the (001) surface. All our samples are grown in this 
direction. An epitaxy stabilized growth is reached for e-fct Mn on Co [10]. 
Further properties of Mn will be treated insection 2.2. 

We have grown Mn on in-plane and out-of-plane magnetized ferromag
nets. The coupling mechanism is working distinctly different with the in
plane magnetized samples than with the out-of-plane magnetized samples. 
We have used Ni/Co layers of varying thicknesses to obtain in- or out-of
plane magnetization in our samples. Ni grown on Cu(OOl) is out-of-plane 
magnetized in a certain thickness range [e.g.ll], whereas Co is in-plane mag
netized [e.g.lO]. Thus in-plane or out-of-plane magnetized samples can be 
obtained by tuning the Co (or Ni) layer thickness [12]. An explanation for 
the distinct coupling behavior is given. 

The samples used in our studies show an almost perfect layer by layer 
growth mode, as obtained by molecular beam epitaxy (MBE) on Cu(001) 
single crystals. Flat layers (at a full ML) as well as layers with ML roughness 
at a half full ML can be obtained. Therefore, also the effect of roughness at 
the interface on the exchange coupling can be investigatecl. Roughness seems 
to play a big role because monolayer (ML) oscillations in the coercivity and 
bias are found. To explain this, it is assumed that roughness increases the 
number of defectsin the atomie structure, and roughness is largestat a half 
full grown ML. Therefore more defects will be present at a half full ML than 
at a full ML. In the theory [8] exchange bias is explained by defects in the 
atomie structure, where defects reduce the frustration of interface spins and 
therefore the coercivity (for a full explanation see section 2.1.2). Thus at 
a half full grown layer a maximum in bias and a minimum in coercivity is 
expected, where at a full grown layer (means few defects) the bias has a 
minimum and the coercivity a maximum. 

Also measurements using the disordered AFM alloy FeMn are clone [see 
also 13]. FeMn is grown on the same nominal FM wedge shaped samples 
as Mn. A direct comparison between FeMn and Mn can be made in this 
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way. FeMn is also an AFM, but has a completely different spin structure 
compared to Mn. lt has a noncollinear three dimensional spin structure. In 
the direction perpendicular to the plane the spins are uncompensated in a 
fiat layer. This will lead to completely different interactions; for example 
FeMn systems display out-of-plane exchange bias, where our Mn systems do 
not. The spin structure and interactions for FeMn are far more complex 
than for Mn, which makes epitaxial e-fct Mn(Oül) a more convenient model 
system. 
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Chapter 2 

Theory 

2.1 AFM/FM-coupling 

Sirree the discovery of the exchange bias effect several models have been 
proposed to explain the effect, all with their own limitations. Some important 
models are discussed, especially the model of Schulthess and Butler [8], which 
is used to explain our results. The coupling of a FM to an AFM leads, 
besides others, to two important effects: an enhanced coercivity and a shifted 
hysteresis loop (exchange bias). These effects can both be explained within 
the model of Schulthess and Butler (section 2.1.3). 

2.1.1 Earliest models 

Exchange bias was discovered 50 years ago by Meiklejohn and Bean [1]. They 
suggested that the AFM and FM shared an interface interaction because of 
an uncompensated AFM interface, which means that all thc spins at the 
interface point in the same direction ( see figure 2.1). They used some as
sumptions to simplify their model: 

• FM and AFM spins rotate coherently 

• Uncompensated (or not fully compensated) interface 

• Exchange across the AFM/FM interface 

• U niaxial anisotropy of the AFM layer 

• Spin structures are independent of the lateral position 

The AFM interface layer has a net magnetic moment for this case. The 
AFM spins do not change in direction under influence of a magnetic field, 
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Figure 2.1: Schematic spin structure for an AFM/FM bilayer with an uncompensated 
AFM interface, at H=O and assuming a ferromagnetic coupling between the FM and AFM, 
only at the interface. 

like the FM, because the magnetic moment of the bulkAFMis zero. When 
the FM spins rotate by an external field the alignment between the AFM and 
FM interface spins changes from FM to AFM (or the other way around). If 
FM coupling between the AFM and FM is assumed, the final situation in 
figure 2.1 will have a higher energy, because the spins are antiparalleL 

With this model the expected exchange bias for a fully uncompensated 
interface is two orders of magnitude higher than the measured exchange bias 
[1]. Another shortcoming of the model is the fact that interface roughness 
will always occur, the effect should therefore in average be reduced to zero 
for rough interfaces. Notwithstanding, many examples of exchange bias on 
rough surfaces are known [e.g.ll]. The Meiklejohn-Bean model is therefore 
too simple to explain all exchange bias phenomena. 

Mauri proposed a model to reduce the two orders of magnitude differ
ence in H 8 between the Meiklejohn-Bean theory and the experiments. He 
proposed a finite exchange stiffness in the AFM. Further he used equal as
sumptions as in the Meiklejohn-Bean theory. 

The finite exchange stiffness made it possible for the AFM spins to rotate 
over a small angle. The spins are not fully pinned anymore. So when the FM 
spins rotate under the infiuence of a magnetic field, the AFM spins will also 
rotate over a certain angle because of the coupling. An AFM domain wall 
will then be created, see figure 2.2. The domain wall will thus leadtoa lower 
energy state. The difference in energy between the two possible domains will 
lead to the loop shift. The energy difference is the domain wall energy 4JAK 
[3], with A the exchange stiffness parameter and K the uniaxial anisotropy. 
In this model an enhancement of the interfacial exchange parameter does not 
lead to an unlimited enhancement of the exchange bias. At large exchange 
parameters the exchange bias is limited by the formation of a domain wall 
in the AFM. Although this model can explain exchange bias with the right 
order of magnitude, still no microscopie origin for the existence of exchange 
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Figure 2.2: Spin structure in the AFM/FM layers, assumed within the Mauri model. 
The bias field is along the AFM easy axis. FM coupling is assumed and the applied field is 
in the negative z-direction. Spins of only one sublattice of the AFM are shown. Redrawn 
from [3]. 
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Figure 2.3: Roughness can cause locally uncompensated interfaces. The nearest neigh
bour pairs for which the FM-AFM alignment is antiparallel are indicated by crosses. In 
(a) no roughness is seen, therefore there is an equal amount of parallel and antiparallel 
spins. Roughness can locally lead to more parallel (b) or antiparallel ( c) spins, giving 
different interface energies. 

bias is given. It is assumed there are uncompensated interfaces, without 
giving a physical reason why uncompensated interfaces are preferred above 
compensated interfaces. 

Malozemoff gives a physical reason for uncompensated interfaces. In this 
model exchange bias is explained for rough interfaces [4,5,6]. Roughness 
can lead to uncompensated AFM surfaces, see figure 2.3. On average, in a 
single domain AFM structure these defects caused by roughness will cancel 
out. Malozemoff therefore proposed domains in the AFM. In an average 
domain there are N surface spins per domain area, the approximate number 
of uncompensated spins in a domain will be J"N, which is the standard 
deviation. 

Malozemoff assumes the presence of permanent, vertical domain walls, in 
contrast to the Mauri model where the domain walls are temporarily and 
horizontaL The walls in the AFM are assumed to be pinned by e.g. defects. 
There will be a permanent number of J"N uncompensated spins per domain. 
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Figure 2.4: A vertical domain wall as assumed by Malozemoff. He proposed vertical 
domain walls to reduce the total energy of a AFM/FM system with a rough interface. 
Note the domain wall spins can also point in the direction perpendicular to the paper 
plane. 

The preferabie direction of the uncompensated spins will be set during de
position of the AFM on the FM or during field cooling. When the coupling 
between the AFM and FM is ferromagnetic, the AFM spins will align paral
lel to the FM. When the coupling is antiferromagnetic, the AFM spins will 
align antiparallel to the FM. An example of a vertical domain wallis shown 
in figure 2.4. 

The weakness of the model lays in the following paradox: when the do
main is formed the domain wall must be sufficiently mobile to reach the 
lowest energy state, where after the reversal of the the FM layer the AFM 
domains must be pinned. 

Various other exchange bias models are proposed [e.g. 14,15,16]. They 
will not be treated in this thesis. The above discussed models were the 
predecessors to the models we use to explain our measurements: The models 
of Koon [7] and Schulthess and Butler [8]. These models will be treated in 
the next sections. 

2.1.2 Perpendicular coupling 

Koon suggests a perpendicular coupling between the FM and AFM layer, 
because of frustration of the interface for compensated AFM interfaces [7]. 
For pure FM layers a 0° angle is of course expected between the layers. Koon 
does calculations on a 15ML FM/15ML AFM film. The film is [110] oriented 
and the coupling constants are assumed to be: JFM/FM = -JAFM/AFM = 
-JFM/AFM = 1 meV. The inner spins have a random orientation, for the 
outer layers it is assumed all the spins are constrained to lie along the same 
axis. The author uses relaxation methods to solve for the energy per unit 
area and spin configuration. A minimum in energy at a 90° angle of the FM 
and AFM is found, seen in figure 2.5. This minimum in energy is slightly 
lower (6%) than the energy minimum for pure FM or AFM layers. This 
decreasein energy can be explained with the spin-flop coupling effect, shown 
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Figure 2.5: Energy minima as a function of angle for pure FM ( or AFM) and FM/ AFM 
interface. The frustrated FM/ AFM interface has a slightly lower minimum and is shifted 
90°, compared to the homogeneaus exchange, from [7]. 
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Figure 2.6: Spin contiguration in a AFM-FM interface, in-plane canting of the AFM 
interface spins, opposite to the FM direction, reduces the energy. 

in figure 2.6. 
The system shown is the spin configuration of two AFM layers and a 

FM layer with in-plane magnetization and a fct structure. The spins of the 
AFM interface layer couple antiferromagnetically with the FM spins and are 
therefore canted away from the FM spin direction. This leads to a lower 
energy state. Koon suggests a domain wall in the AFM to explain exchange 
bias, like Mauri [3]. Schulthess and Butler refute this theory and give a more 
likely explanation for exchange bias [8]. 

2.1.3 The Schulthess and Butler model 

Schulthess and Butler explain why that the model of Koon does not lead to 
exchange bias. With the Landau-Lifshitz-Gilbert equation of motion they 
show that the energy to switch between the two spin flop statcs is smaller 
than the domain wall energy Koon suggests [8]. This leads thus to an uniaxial 
anisotropy, which causes an enhanced coercivity, but no exchange bias is 
expected because the initial and final state have equal energy. The spin 
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Figure 2. 7: Initial and final spin configuration, when switching a FM/ AFM system. The 
AFM canting to the other direction is called the spin flop effect. Because the energies of 
the initia! and final state are equal only an enhanced coercivity is obtaincd. 

flop effect is shown in figure 2. 7. In the initial state the AFM spins are 
canted away from the ferromagnetic spins. When the magnetization of the 
FM switches, the AFM spins cant also to the other direction. The extra 
energy this canting costs can be found back in the enhanced coercivity of the 
system, which is almost always present for an AFM/FM coupled system. 

Exchange bias can not be explained within this model, therefore defects 
have to be artificially brought into the system. When the interface layer is 
not perfectly flat, which is always the case for real systems, defects can cause 
a net magnetic moment. The interactions that will take place are explained 
in figure 2.8 for a point defect. It is assumed in this model that the defect is 
no longer coupled to the AFM sublattice, therefore its direction is fixed [17]. 
The interaction of the FM with the AFM is for that reasou unbalanced. The 
FM spin will cant away from the spin-flop coupling axis. The AFM spins in 
thc fulllayer cant by the spin-flop effect. The configuration A in figure 2.8 is 
thc lowest cnergy state if a field in a small angle with the spin-flop coupling 
axis is assumed. When a field switches the magnetization a higher energy 
state is reached then, because the AFM defect stays pinned. This can be 
seen in configuration A'. 

Defects reduce the coercivity in the Schulthess and Butler model. A max
imum frustration is reached for a fully compensated layer, therefore defects 
caused by roughness can only decrease the frustration and thus the coerciv
ity. On the other hand defects will most likely increase the exchange bias. 
So when the number of defects is zero (at a perfectly full monolayer), no 
exchange bias and a maximum enhanced coercivity are expected within this 
model. At a half full layer the number of defects will be higher, the bias will 
increase now and the coercivity will drop. 

The Schulthess and Butler model explains exchange bias microscopically. 
It does not give an explanation why microscopie defects do not cancel out 
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A 

Figure 2.8: Spin configurations of our FM-Mn system with a point defect AFM. White 
arrows indicate the normal AFM canted spins. The FM spins ( triangles) get canted by the 
AFM point defect (black arrow), which is pinned. Configuration A is the lowest energy 
configuration. A' is the configuration after a magnetic switch, the FM spins are simply 
inverted. This configuration has a higher energy, leading to exchange bias. 

macroscopically. A theory like Malozemoff's [4] can explain this. Also grains 
and domains are not taken into account in the Schulthess and Butler theory. 
Furthermore perpendicular coupling can not always take place, like in AFM 
with a 3D structure as FeMn (see section 2.3). The Schulthess and Butler 
model will therefore not be able to explain all exchange bias related phenom
ena. In our study, when spin structures and interactions between AFM and 
FM spins are examined, the model is a good guide to explain results. 

2.2 Spin structure of Mn 

Mn can exist in many different forms. It can be para-, antiferro-, ferro- or 
non-magnetic depending on temperature, pressure and growth [9]. To use 
Mn as a model AFM a relatively simple lattice and spin structure is needed. 
The optimum structure is face centered tetragorral (fct) Mn (see figure 2.9), 
because it is predicted to have a relatively easy spin structure [9]. Hafner and 
Spisak calculated the energy of fct Mn for several different magnetic phases 
as a function of the axial ratio c/ a [9]. These results can be seen in figure 
2.10. In this figure two clear energy minima are seen with an almost equal 
energy. These two AFM phases of Mn, called contracted (c/a=0.945) and 
expanded (c/a=1.048) fct Mn, are the most likely to exist. Although these 
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Figure 2.9: Proposed spin structure of expanded and contracted collinear Mn. The spins 
are only known to be in-plane, compensated and collinear for e-fct Mn. In the figure 
the [100] direction is assumed for the spins, but can also be in another four fold in-plane 
direction, like [110]. 

phases differ only slightly in energy, axial ratio, magnetic moment per atom 
and atomie volume, they have a total different spin structure, as can beseen 
in figure 2.9. 

The in-plane lattice constant of Cu (a=3.615Á) is only slightly smaller 
than the e-fct Mn lattice constant (a=3.66Á)[10]. Therefore Cu(001) should 
be a suitable substrate to grow Mn on to obtain e-fct Mn with cj a > 1. It 
is known however, that the growth of Mn on Cu(001) is complex, ill defined 
and accompanied by intermixing problems [18]. Kohlhepp et al. have shown 
that e-fct Mn can be stabilized by growth of Mn on Co on a Cu substrate 
[10]. The Mn used will bc grown in a similar way. 

Contracted Mn can possibly be obtained with a Cu3Au substrate, which 
has a larger lattice constant (a=3.76Á)[20] than Mn. However, only two 
experiments are known where a stabie growth of Mn on a Cu3Au-substrate 
is reached [19,20]. In these experiments no hard conclusions about the spin 
structure are given. Also no coupling of c-fct Mn with Co and Ni is yet 
reported. 

In the present study only e-fct Mn is used. It has a relatively sim
ple crystal structure and also a simple collinear, in-plane compensated spin 
structure. A collinear spin structure means all the spins lie along the same 
axis. The in-plane anisotropy is four fold because of the fct structure . The 
[100], [010], [IOOJ and [OIO] directions are energetically equal, as can be seen 
by rotating the structure in figure 2.9 repeatedly over 90° along the z-axis. 
It is not known if the spins prefer the four fold < 100 > or < 110 > direc-
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Figure 2.10: Total energy, rnagnetic moment, and atomie volurne as a function of the 
axial ratio for five different rnagnetic phases of tetragonal Mn (from [9]). E-fct Mn (c/a = 

1.05) is an in-plane AFM, whereas eontraeted Mn (c/a = 0.95) is a layered AFM. Energy, 
magnetie moments and atomie volumes are almost equal for both states. 
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Figure 2.11: Two examples of exchange bias caused by defects (A and B), for different 
steps in Mn. The partially uncompensated spins are circled. Also other possible defects 
(like point defects) can lead to exchange bias. Notall possible steps willlead to exchange 
bias (for example C). 

tion, or another in-plane direction. In 2.9 the spins are drawn in the [100] 
direction, but they can possibly be rotated with 45° to the [110] direction or 
somcwhere in between. Mn is assumed to always couple pcrpendicular to the 
FM spins, because a frustrated AFM/FM interface has an energy minimum 
at 90° coupling [7]. In that case the spin flop effect is at its maximum. 

In the Mn system the most common defects, which can cause the exchange 
bias, are probably step edges. When (partially) uncompensated spins are 
present at a step edge this can lead to exchange bias. Examples of defects 
leading to exchange bias in a Mn system are given in figure 2.11. Not all 
step edges have to lead to exchange bias, see configuration C in figure 2.11. 

2.3 Spin structure of FeMn 

Experiments with FeMn were done to compare with Mn. FeMn is an AFM 
with a completely different spin structure compared to Mn. FeMn is often 
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Figure 2.12: The suggested spin structures of FeMn. Fe and Mn atoms are assumed 
to be randomly distributed over the lattice. The real spin structure depends on the FM 
where FeMn is grown on, but stays always somewhat 3D. for growth on an in-plane FM the 
structure is 2Q-like and for growth on an out-of-plane FM the structure tends to lQ. For 
partially in-plane, partially out-of-plane FM and in undisturbed FeMn the 3Q structure 
is preferred. Adapted from [13]. 

used in exchange bias studies [e.g. 11,13,21,22]. The different spin structure 
leads to another interaction behavior. The suggested spin structure of FeMn 
can be seen in figure 2.12. Jungblut et al. found a noncollinear 3D spin 
structure for FeMn [21]. In-plane the spins are compensated in a fulllayer, 
but out-of-plane the spins are uncompensated for a fulllayer. This can lead 
to a large out-of-plane exchange bias. Normally FeMn is in the 3Q state. 
When grown on an out-of-plane magnetized FM (like Ni) the interface FeMn 
spins are pulled toward the out-of-plane direction by the exchange coupling 
with the Ni spins. The spin structure is then somewhere between the 1Q 
and 3Q state, but the structure stays always 3D [13]. When grown on an 
in-plane magnetized FM (like Co) the interface spin structure tends to be 
more like 2Q, because the spins are pulled toward the in-plane direction by 
the in-plane Co spins. 

The exact growth of FeMn on Co is still unknown. In first expectations 
it grows like a disordered alloy, this means Fe and Mn atoms are randomly 
distributed over the fct lattice. Kuch et al. show that FeMn has a very good 
crystalline layer by layer growth and they show spin structuring is present, 
consiclering the 2ML period domain image patterns [22], where the proposed 
spin structure also has a 2ML period, see figure 2.12. ML oscillations in He 
and Hs with cobalt thickness in our results (see chapter 4) also support a 
good growth and spin structure. lt is hard to say if the Fe or Mn atoms 
have a preferabie coupling to the Co and if the coupling is FM or AFM. On 
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a rough surface FeMn layers with both [110] and [liO] in-plane orientation 
will couple to the co balt. If both orientations are equally present (at half 
monolayers in the case of perfect growth) this willlead to an effective [100] 
easy axis. So at half ML a effective [100] easy axis is expected, where for full 
ML a [110] direction is expected. Therefore it is predicted the in-plane easy 
axis will be hard to determine. 

2.4 Phenomenological model 

2.4.1 Stoner-Wohlfarth model 

A phenomenological model is created to describe the interactions in the stucl
ied samples. The model used is based on the Stoner-Wohlfarth model. The 
Stoner-Wohlfarth model is used to calculate magnetic hysteresis loops. In the 
Stoner-Wohlfarth model the first the tot al energy is determined, consisting 
of anisotropies of the different layers, coupling energies between the layers 
and the Zeeman energy caused by the external magnetic field. The energy is 
minimized as a function of (3, the angle of the FM spins with the easy axis, 
to determine the stable magnetizations. 

The main principle of our model is to calculate the total energy of the 
system. Our model is based on the Stoner-Wohlfarth model [23], some ex
tensions are made to match our experiments. In the Stoner-Wohlfarth model 
coherent rotation of the spins is assumed. This means domain walls and 
thermal excitation are not taken into account, which will in generallead to 
higher calculated coercivities than the measured ones. The total free energy 
of the system is: 

with 

and 

E = Ez + EA,FM + EA,AFM + EE, 

Ez = -p,oH MsatfFMcos(O- (3), 

EA,FM = KFMtFMsin2(3cos 2(3, 

EA,AFM = KAFMtAFMsin2o:cos2o:, 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

E stands for the total energy per unit of surface, Ez is the Zeeman 
energy, EA,FM the anisotropy energy ofthe FM, EA,AFM the anisotropy ofthe 
AFM and EE the interface exchange energy. K is the anisotropy constant, 
t the thickness of the magnetic layer, J El is the unidirectional exchange 
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H 

Figure 2.13: Definitions of the used angles compared to the easy axis. The angle defines 
the out-of-plane component of the easy axis. 

coupling parameter and J E 2 is the uniaxial exchange coupling parameter. 
The augles a, j3 and ()are defined in figure 2.13. It is assumed to have a four
fold anisotropy in these equations, giving the sin2 j3cos2 j3 term. In twofold 
anisotropy only a sin2 j3 term is present. An equal assumption is made for 
the AFM anisotropy. The exchange energy term consists of two terms, the 
JE1- and the JE2-term. The JE1 term, the unidirectional exchange energy, 
is introduced to obtain a shift of the hysteresis loop. It has a minimum 
when a= j], the AFM and FM spins are then aligned. When the AFM and 
FM spins are perpendicularly coupled this term is zero. The JE2-term, the 
uniaxial exchange energy, leads to an enhanced coercivity. It has two minima 
when j3 - a = ~, the spin flop effect will be maximal when the AFM and 
FM spins are perpendicularly coupled. 

With the use of this model the coercivity (He) and the exchange bias 
( H 13 ) are determined as function of the FM layer thickness. This is clone 
by looking for stabie solutions of the energy as a function of j3 (8Ej8j3 = 

0,82 Ej8j32 > 0), at varying field H. When -He- HB < H <He- HB 
there will be two stabie solutions, while for fields higher than He- H 13 or 
lower than - H c - H 13 there will be only one stabie solution. Thus from this 
inequality the coercive field and bias can be determined, see figure 2.14 for 
an example of the calculated energies as a function a beta for different fields, 
for an exchange biased in-plane magnetic loop. 

2.4.2 Model for Mn-samples 

Some parameters are specific for our samples and measurement methods. 
The choice of parameters is worked out in this section. 
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Figure 2.14: The calculated energy as a function of (3 for different magnetic fields, for 
an exchange biased in-plane magnetic loop, with alpha=l If two minima are found in 
these graphs the field is between -He-HE (;:;::34kA/m) and He-HE (;:;::7kA/m). Thus for 
this measurement He=21kA/m and HE=14kA/m is obtained. 

The magnetic layers in the samples are Ni, Co and Mn (or FeMn). The 
Ni layer has an out-of-plane anisotropy in the thicknesses range used in our 
samples. The strained growth of the Ni (see section 3.1) leads to a higher 
magneto elastic anisotropy energy [11], which means the shape anisotropy 
will be overcome and the magnetization will become out-of-plane. On top 
of the Ni a Co layer is grown, shape and magneto crystalline anisotropy of 
the Co cause an in-plane anisotropy. Dependent on the thickness of these 
two layers the samples were in or out-of-plane magnetized. Thicker Ni will 
lead to a more out-of-plane magnetized sample, where thicker Co layer lead 
to samples with an in-plane magnetization. On top of the Co layer was 
an AFM Mn ( or FeMn) layer, leading to the exchange coupling effects. A 
schematic view of the used sample can beseen in figure 2.15. 

The easy axis rotates thus from in-plane to perpendicular to the plane 
with decreasing Co thickness. Therefore an angle cjy is defined as the angle 
between the easy axis and the plane of the sample. The angle cjy can be de
duced from the out-of-plane remanence, because the remanence is a measure 
for the angle of the magnetization with the easy axis ((3). And it is known 
that c/Y+ (3 = % when the field is applied perpendicular to the sample. In polar 
measurements, when the field is applied perpendicular and the out-of-plane 
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Figure 2.15: A schematic view of the used Mn-sample with the easy axis directions. 
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Figure 2.16: The function cjJ fitted (line) to the measured remar1ence for a thick 50Á 
Ni/Co-wedge/25 ML Mn sample (circles) and a thin 25Á Ni/Co-wedge/25 ML Mn with 
equation 2.6. 

magnetization is measured see chapter 3, a 100% remanence means cjY = % 
and 0% remanence means cjY = 0, which means an in-plane magnetization. 
Therefore a function for cjY is fitted to the scaled remanence results, see figure 
2.16 as an example fora 50.À Ni/Co-wedge/25 ML Mn sample (thick sample) 
and a 25.À Ni/Co-wedge/25 ML Mn sample (thin sample). 

The used equation for cjY is: 

(2.6) 

Here a· t Ni -tea+ b = 0 is the equation for the spin reorientation line, all 
the Ni- and Co-thicknesses for which the anisotropy is zero for Cu/Ni/Co
samples. At the spin reorientation line all the shape-, magnetocrystalline
and interface anisotropies of the layers add up to zero. The parameter Ç 
determines how fast the rotation takes place. lt is empirically determined. 
The variabiet is the total FM thickness, thus tNi +tea· With this definition 
and the right chosen parameters cjY has an similar shape as the remanence, 
as shown in figure 2.16. 
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Figure 2.17: Definitions of e, the angle of the easy axis with the magnetic field H. 

Two different measurement techniques are used (polar MOKE and in
plane MOKE, see section 3.2.2), therefore two slightly different models are 
used. With polar MOKE the out-of-plane magnetization is determined and 
with in-plane MOKE the in-plane magnetization for [100] and [110] direc
tions. The measurement techniques will be explained in chapter 3. 

The fi.rst difference is the angle () for the different measurement techniques, 
the angle of the field with the easy axis. This depends on the angle of the easy 
axis with the plane. For polar MOKE simulations, when the field is applied 
perpendicular to the sample plane () = ~ - cjY is used. See figure 2.17 for a 
definition of the angles. The loops turn from complete hard axis behavior, 
which means () = ~' to full easy axis behavior (B = 0) in the measurements 
with decreasing Co thickness. For the in-plane simulation () = ~ + ~ is used. 
This means an out-of-plane magnetization leads to a hard axis loop and in
plane an angle of ~ with the easy axis is modeled, because no fully squared 
loops are obtained in measurements. With this definition () will rotate from 
~ ( no full easy axis behavior) for in-plane magndization of the sample to ~ 
(full hard axis behavior) with decreasing Co thickness. 

The second difference is in the anisotropy constant K FM. Here we use: 

(2.7) 

for in-plane simulations and 

(2.8) 

for out-of-plane simulations. 
For out-of-plane (in-plane) measurements KFM is positive (negative) for 

low Co coverage. The thickness dependenee of KFM can be described with 
c/Y, because it is also thickness dependent. Over a Co wedge of 5 ML the easy 
axis goes from fully out-of-plane (cp = ~) to fully in-plane (cp = 0). In polar 
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MOKE an in-plane magnetization means <P = 0 and KFM is negative, where 
an out-of-plane magnetization means <P = ~ and KFM is positive. From 
figure 4.3 it follows that the in-plane and out-of-plane coercivities are almast 
equal, therefore anisotropy is suggested to be equal in absolute value for in 
and out-of-plane magnetization. The factor 4 · 103 is estimated with Stoner
Wohlfarth theory, K = ~J1oMsatHc, and the measurement results of a pure 
FM sample, see section 4.1. The cos(2<f;) is just a function to normalize the 
<f;-dependence and leads to the approximately correct dependenee of KFM 

on <P and thus on tea· Results show a much higher coercivity (~ lüx for 
thin layers) with a Mn cover than pure FM samples, see figure 4.5. The 
effect of interface coupling is thus much more important in determining the 
coercivity than the FM anisotropy. Therefore no effort has been done to 
imprave definitions 2.7 and 2.8. In reality KFM depends on the Co- and 
Ni-thickness because the anisotropy of Co is higher than the anisotropy of 
Ni. Also interface anisotropies between Cu/Ni,Ni/Co, etc. arenottaken into 
account. 

Wh en the FM easy axis is in-plane ( for thick enough Co layers) the FM 
anisotropy is four-fold. The (four-fold) FCT structure of the Co and Mn 
are the cause of this. When the easy axis of the FM is out-of-plane (Ni 
easy axis), only a two-fold anisotropy is possible (spins pointing parallel or 
antiparallel to the plane normal). The equation for the anisotropy for polar 
MOKE becomes: 

(2.9) 

The unidirectional exchange anisotropy ( J EI) leads to exchange bias and 
the uniaxial anisotropy (JE2) leads to enhanced coercivity. For Co/Mn sam
ples it is already found that these parameters oscillate with thickness [26,27], 
because an oscillating exchange bias and coercivity are found in these results. 
See figure 2.18 for an example of these oscillations. Where the exchange bias 
is expected to have its maximum at half full monolayers for Mn, the coer
civity is expected to have its maximum at full monolayers, see section 2.1.3. 
The oscillations can be explained by the increasing number of defects for a 
half full monolayer. Exchange bias and oscillating coercivity are only found 
in-plane, see chapter 4. Therefore the unidirectional exchange energy term is 
assumed zero and J E 2 is not oscillating in the out-of-plane model for Mn. The 
assumption that has to be made here is that the magnetic moments of defects 
always lie in-plane in Mn. Defect moments will then be perpendicular to the 
field and therefore the effective coupling will be zero, thus the unidirectional 
exchange energy is chosen zero. Because the AFM spins cant out-of-plane in 
this situation, the in-plane orientation of the spins is not of concern. Surface 
roughness does not play a role and thus no Hc-oscillations and no exchange 
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Figure 2.18: An example of oscillations in He and HB as a function of Co thickness for 
a Cu(OOl)/Co-wedge/25 ML Mn sample, from [26]. 

bias are found. See chapter 5 for a more detailed explanation. 

2.4.3 Model for FeMn-samples 

The model for FeMn-samples has differences and similarities with the Mn
model. A similarity is that the FM anisotropy is two fold in polar MOKE. In
plane no FeMn model is made because measurements with in-plane MOKEon 
FeMn were quite doubtful because of mixing with the out-of-plane component 
(see chapter 3 and 4), therefore no good comparison with measurements is 
possible. The FM-anisotropy equation has also not changed, because equal 
FM layers are used in the samples. 

Out-of-plane remarrenee measurements (figure 4.20) show that cp shows 
two transitions with increasing Co thickness. This can be explained by the 
transitions from the lQ- to the 3Q- and the 3Q- to the 2Q-state, see section 
2.3. The angle cp is again fitted to the measured polar remarrenee (figure 
4.20) with: 

"--Jr 7r f(tco-tco,l) 7r f(tco-tco,2) 
'f' - - - -er - -er 

4 8 f.It 8 Ç2t 
(2.10) 

With this equation the shape of cp is similar to the shape of the remarrenee 
as a function of Co thickness, see figure 2.19. Note that at cp = ~ the 
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Figure 2.19: The measured remanence compared with the suggested function for rj;. Note 
the remanence shows a sinrj;-like behavior, taking the oscillations not into account, and 
therefore should have a value of ~ J2 at rj; = ~ . 

remarrenee is expected to be ~J2, therefore measured remarrenee and cjJ are 
different in the 3Q region. The tco,l indicates the Cobalt thickness where 
the transition from lQ to 3Q takes place and the tco,2 indicates the cobalt 
thickness at the 3Q to 2Q transition. Further tco is again the Co thickness, 
t the total FM thickness, and 6 and 6 are fit parameters. 

In the FeMn measurements oscillations in He and Hs are found, see 4.21. 
The oscillations in H c seem to have a sine-like behavior, like the oscillations 
with the Mn measurements. The oscillations in H I3 show a different behavior. 
Not only ML oscillations are seen, but also a small half ML oscillation is 
seen. Only an introduced oscillation in J E 2 will not lead to this behavior. 
Therefore also an oscillating J El-term is added in this model. This leads to 
the following exchange coupling terms: 

J _ 1o 0"1 ( 4 tco + tNi) 
El - El- - 2-cos 1r 

tFM tML 
(2.11) 

J _ 1o 0"2 ( 2 tco + tNi) 
E2- E 2 - - 2-cos 1r 

tFM tML 
(2.12) 

In these equations J 0 gives the constant termand a-jt}M is the amplitude of 
the oscillating term. The thickness of a ML is given by tML· JE1 has minima 
at full grown and half full grown layers. J E 2 has minima at full grown layers, 
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in contrast with the Mn model. A maximum spin flop effect is expected at 
half full layers in FeMn, see figure 5.4. The oscillating terms again damp 
out with 1/t~M· In chapter 5 a suggestion on the origin of the ~ML- and 
ML-oscillations is given. 



Chapter 3 

Experiment al 

In the experiments wedge shaped samples grown by molecular beam epitaxy 
(MBE) are used. Because the magneto-optical Kerr effect(MOKE) gives a 
local measure for the magnetization, the relative magnetic moment can be 
determined as a function of thickness on wedge shaped samples. In this way 
only one sample has to be grown to measure a complete thickness range. 
To get a good idea about the roughness dependence, atomically fiat grown 
samples are needed. Therefore MBE is used, a technique which can be used 
to grow layers with atomie resolution. In this chapter first the samples will 
be treated, then the measurement technique will be explained. Finally it will 
be told how the measurements are performed. 

3.1 Samples 

The samples are grown with a VG-Semicon V80M multichamber-MBE work
ing at a base prcssure of 8 · 10~ 12 mbar. During evaporation the pressure 
never rose above 5 · 10~ 11 mbar. The Cu(001) substrate is sputtered and 
annealed several times to get an atomically fiat and clean surface. The Ni 
layer is deposited at room temperature and subsequently annealed at 180°C 
to smoothen the surface [24]. Thereafter the Co is deposited at a tempera
ture of 70°C and thereupon the Mn also at 70°C. Finally a Cu capping layer 
is deposited at room temperature to prevent oxidation. Between all steps 
sample quality is checked with LEED (low energy electron diffraction). 

All used samples thus contained the following layers: 

• Cu (001) substrate 

• Ni layer, possibly wedge shaped 

• Co layer, possibly wedge shaped 

31 
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Figure 3.1: The used samples schematically drawn. Co, Ni and Mn wedges are measured. 
The Mn layer can also be FeMn. 

• Mn (or FeMn) layer, possibly wedge shaped 

• Cu capping layer 

All these layers have their own function. Several samples are made with 
different thicknesses and wedges of the magnetic materials. Three kinds of 
samples are used, as can be seen in figure 3.1. With a moving shutter during 
evaporation wedge shaped samples are fabricated. Ni-, Co- and Mn-wedges 
are grown, to examine the thickness dependenee for the various materials. 
With the shutter applied perpendicular to the wedge direction, a material 
different from the wedge material could be grown at two thicknesses. In this 
way actually two samples are grown on a single substrate each time. For 
example first 25Á Ni is grown on the whole sample, then the shutter is used 
to grow an extra 25Á Ni on one side of the sample. Now a 25Á and a 50Á 
layer are created on one substrate. Then the sample is rotated by 90° to 
grow the Co-wedge with a moving shutter. Figure 3.2 shows the growth of 
the samples schcmatically. 

The substrate is a copper single crystal with a [001] surface orientation. 
Copper is used because it has a suitable lattice constant (a=3.615Á) for the 
stabilization of e-fct Mn. An atomically fiat single crystal substrate is needed 
to get decent epitaxial growth over the whole sample. 

The Ni layer is a FM layer with an out-of-plane magnetization for the used 
thicknesses grown on Cu(001) [11]. The lattice constant of Ni (a = 3.52Á) 
is slightly smaller than the one of Cu, therefore the growth on the substrate 
is strained. The strain leads to an out-of-plane magnetization for Ni layers 
between approximately 8-10 ML and approximately 56-75 ML [12]. Below 8-
10 ML surface and interface anisotropies dominate and the magnetization is 
in-plane. Above 8-10 ML the magneto elastic anisotropy becomes dominant. 
Above 56-75 ML strain relaxation takes place, which leads to a decrease in 
the magneto elastic anisotropy, because lattice deformations occur. The Ni 
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Figure 3.2: The successive steps in growing the samples. 1) 25Á Ni is deposited. 2) On 
one side of the sample another 25Á is deposited, using a shutter. 3) The sample now half 
covered with 25Á Ni and half with 50Á Ni. 4) The sample is rotated 90°. 5) The Co 
wedge is grown by moving the shutter during deposition. 6) The final Cu/Ni/Co-sample. 
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layer is needed to examine the coupling between an out-of-plane FM and Mn. 
The Co-wedge samples are grown on Ni thicknesses of nominally 25Á and 
50Á. A reasonable atomically fiat growth of Ni on Cu can be reached [24]. 
Annealing at 180°C fiattens the surface even further. 

The Co layer is used to secure a stable Mn growth. From an earlier 
growth study by Kohlhepp et al. [10] it is known that Mn grows stable on 
Co/Cu(OOl). This is not the case when Mn is grown on Cu or Ni. Then 
Mn grows ill defined and shows intermixing problems [18]. For thicker Co 
layers ( >~3ML, dependent on the Ni thickness) the magnetization of the 
FM becomes in-plane, because Co has an in-plane anisotropy, see [12]. Thus 
on a single wedge magnetic interactions of Mn with both an in-plane and an 
out-of-plane FM are possible. 

Mn is grown on top of the Co layer. For all samples, except the Mn
wedges, a 25 ML layer is used. This is thick enough to be sure the AFM 
spins are pinned. This means they do not rotate with the FM when a field 
is applied. The used FeMn layers were also 25 ML. The interface coupling of 
the AFM layer with the FM is the subject of investigation. 

From [10] a fairly decent Mn growth on Co is expected. FeMn is expected 
to grow as a disordered alloy. This means Fe and Mn atoms have random 
positions in the lattice. The growth of FeMn on Co is also almost perfectly 
layer by layer [22]. It is hard to say if a Mn or Fe preferably couples to the 
Co and if the coupling is FM or AFM. 

To prevent oxidation, a 50Á Cu capping layer is deposited on top of the 
Mn. It is assumed that the capping layer has no infiuence on the magnetic 
properties of the sample, although the capping layer leads to a slight increase 
(7%) in He for Cu(001)/40Á Ni/50ÁCu samples [25] compared to uncovered 
samples, and for Cu(OOl)/36 A Co/Cu-samples a decreasein He is reported 
in the same article. We keep our capping layer constant in all measurements, 
therefore the small error made will be approximately equal for all results and 
thus have no infiuence on the relative results. 

3.2 MOKE 

All our measurements are done with a setup that measures the magneto
optical Kerr effect (MOKE). This effect is a change in polarization of light 
when it refiects from a magnetic surface. With this measurement technique 
the relative magnetization of thin samples can be measured locally. The 
advantage of this technique is that with wedge shaped samples magnetization 
loops can be measured as a function of layer thickness on a single sample. 
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3.2.1 The magneto-optical Kerr effect 

A change of polarization of light caused by a reflection from a magnetic 
surface is known as the Kerr effect, discovered by John Kerr in 1877 [28]. 
Magnetization causes a difference in the complex Fresnel coefficients for left 
(LCPL) and right (RCPL) circularly polarized light. The change in po
larization is proportional to the magnetic moment, but the proportionality 
constant is generally unknown. This means only a relative magnetic moment 
can be determined with this effect. The advantage of the technique is that 
magnetization loops can be determined locally with a focused laser beam, 
where many measurement techniques (like SQUID) can only determine bulk 
magnetization. 

The Kerr effect consists of two effects: Kerr rotation, where the main 
polarization axis rotates over a certain angle and Kerr ellipticity, where the 
effect changes the amplitude of the components of the polarized light. The 
effects are explained in figure 3.3. 

MOKE can be employed in different geometries. When a sample is out
of-plane magnetized, polar MOKE should be used. This means the incoming 
and outcoming laser beam and magnetic field are almost perpendicular to 
the plane. In longitudinal MOKE the incoming beam is at an angle ( ~ 45° 
in our setup) with the sample plane. The magnetization lies in the plane 
formed by the incoming and outcoming laser beam and in the sample plane. 
In transverse MOKE the beam is again in an angle with the plain, but here 
the beams form a plane perpendicular to the magnetization. The geometries 
are schematically shown in figure 3.4. 

The polar Kerr effect is the biggest, the longitudinal is an order of magni
tude smaller. For in-plane magnetized samples usually the longitudinal mode 
is used. The transverse mode is even an order of magnitude smaller as the 
longitudinal one and is therefore hardly ever used. 

3.2.2 The setup 

The setup contains several elements which will be discussed in this section 
following the path of the light. In figure 3.5 a schematic view of the setup 
can be seen. The electramagnet and sample can be rotated to measure either 
polar or in-plane MOKE. 

The light souree is a HeNe-laser with a wavelength of 632.8 nm. Via a 
set of lenses and mirrors (not shown in drawing), used for focusing the laser 
beam on the sample, and directing the light, the light passes a polarizer. The 
polarizer turns the laser light into linearly polarized light. 

The linearly polarized light falls on the photo-elastic modulator (PEM). 
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Figure 3.3: Schematic depietion of the origin of Kerr rotation and Kerr ellipticity. The 
left vector indicates LCPL and the right vector RCPL. The middle vector is the sum of 
both. (a) Linearly polarized light can be considered as a superposition of right and left 
circularly polarized light. (b) Kerr rotation is present if a relative phase shift between 
these two components causes a rotation of their resultant. ( c) A difference between the 
amplitude of the two components causes their resultant to become elliptical. From [28]. 
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The PEM has two main elements: a vibrating piezo-electric element and 
a birefringent crystal. The piezo-electric element causes the phase of the 
component of the light parallel to the optical axis of the crystal to alternately 
advance or retard when it passes the crystal, compared to the phase of the 
perpendicular component. When the amplitude of the oscillation corresponds 
to a )..j 4 phase shift, the at 45° angle incoming linearly polarized light will 
become alternately left circularly polarized light (LCPL) or right circularly 
polarized light (RCPL). 

Because of the Kerr effect, the LCPL and RCPL will have a different 
refiection coefficient on the sample. The sample is placed in the air gap of 
an electramagnet to be able to measure magnetization as a function of field. 
The field is assumed to be homogeneaus at the position of the sample. One 
part of the core, which we will call the pole, is hollow, the laser beam passes 
through this pole to reach the sample in the polar mode. 

The intensity difference of the refiected LCPL and RCPL can then be 
measured with the detector. Only one component of the polarized light can 
pass the analyser, it is needed to obtain comparable values for the magneti
zation between each measurement loop. 

3.2.3 Measurements 

The detector is coupled to a lock-in amplifier. The lock-in can monitor the 
f- and 2f-modulated signal. The f-signal is proportional to the ellipticity 
and the 2/ -signal to the Kerr rotation [28]. The ellipticity signal is at least 
a factor of two higher than the rotation signal, when checked. When a 
decent ellipticity signal was obtained, no rotation signal has been measured, 
therefore it is not sure if this is the case in all situations. Therefore only 
ellipticity is measured, because this leads to loops with a better signal-to
noise-ratio compared to measuring Kerr rotation. 

Most measurements are performed at low (±80 kA/m) and high (±300 
kA/m) magnetic field ranges. At low field range He and Hs can be de
termined more accurately. Higher field ranges are needed to determine the 
saturation field and ellipticity. The maximum field the magnet could gen
erate is 300 kA/m. For hard axis measurements this is often not enough to 
fully magnetize the sample, then full saturation is not reached, which leads 
to inner loops. 

The sample can be rotated in-plane around the axis normalto the sample 
plane, see figure 3.6. By rotating the sample around its plane normal, it can 
be measured along the [110] and [100] in-plane directions. In this way we 
try to determine the in-plane easy axis. Only [110] and [100] directions are 
measured, because these gave an approximate easy axis behavior. No other 
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Figure 3.6: A schematic explanation of the sample rotation principle. The gray circle 
represent the sample, which is divided in two parts which have different magnetic layer 
thicknesses. The small black circle represent the laser spot, the arrow the direction it 
moves, which is parallel to the wedge direction, indicated by the black triangles. The 
trapezoids indicate the magnetic poles. The in-plane measurement setup is drawn. 

directions, like [liO], are measured. Co grown on Cu(OOl) has an easy axis 
along the < 110 > directions, but the easy axis can possibly be changed by 
the Ni or the AFM [29,30]. 

Measurements are performed as a function of the FM and AFM layer 
thickness. The magnetization can rotate from in-plane to out-of-plane in a 
single sample as a function of the thickness. Polar MOKE only measures the 
out-of-plane component of the magnetization. The angle of the laser beam 
with respect to the plane normal is at most a few degrees. The measured in
planc component is therefore negligible. An in-plane magnetized sample gives 
a hard axis loop behavior in apolar MOKE measurement. In case of in-plane 
MOKE the laser beam in our setup comes in with an approximately 45° angle 
with the plane normaL For out-of-plane magnetized samples measured with 
longitudinal MOKE, a mixing of the polar and longitudinal Kerr effect takes 
place. This leads to complex loops, where the magnetic field seems reversed, 
which is not the case. Two examples of measured loops are given in figure 3. 7, 
but can also beseen in figure 4.2. Because the polar Kerr effect is an order of 
magnitude bigger than the longitudinal effect, this measured magnetization 
can not be compared with the in-plane magnetization. Therefore in-plane 
MOKE should only be used when the sample is fully in-plane magnetized, 
this means only at larger Co thicknesses. 
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Figure 3. 7: In-plane MOKE loopsfora 25Á Ni sample, covered with 0 and 0.4 ML Co. At 
this Ni- and Co-thicknesses the sample is out-of-plane magnetized. Therefore it looks like 
a positive magnetization is measurcd at high negative fields, which is not possible. This 
is thus a complex MOKE loop, whcre the out-of-plane component of the magnetization is 
mixed with the in-plane component, which can not be used as a measurement result. 



Chapter 4 

Results 

Experiments are done with three kinds of samples. First pure FM samples 
have been used to examine the FM interactions. Then these samples have 
been covered with Mn to examine the exchange interactions with our model 
FM. Finally FeMn is used as AFM to make a comparison in exchange inter
action with the Mn samples. 

We started our experiments with Cu/Ni/Co/Cu-samples. From these 
samples the FM anisotropy is determined as a function of the Co and Ni 
thickness. The anisotropy of the Ni leads to an out-of-plane magnetization 
in the investigated thickness region. From literature it is already known 
that only a few ML of Co will lead to an in-plane magnetization [12]. The 
calculated FM anisotropy of this sample was used in calculations for further 
results. 

The exchange interactions of the FM Ni and Co with the AFM Mn are 
examined with the Cu/Ni/Co/Mn/Cu-samples. Ni and Co wedges are mea
surcd to examine the FM thickness dependenee of the exchange coupling. 
The coercivity is determined by the FM anisotropy and the exchange cou
pling. The difference in He and HB be.tween the Cu/Ni/Co/Mn/Cu-samples 
compared to the Cu/Ni/Co/Cu-samples is thus a measure for the exchange 
coupling energy. Mn wedges are measured to determine the AFM thickness 
dependence, in order to get an understanding of the Mn anisotropy. Mea
surements arealso compared with results on Cu/Co/Mn/Cu samples, which 
are known from literature [10,26,27]. Also the simulation with the model 
described insection 2.4 is compared with the measurements. 

Furthermore Cu/Ni/Co/FeMn-samples are grown. The use of a AFM 
with a completely different spin structure (3D), compared to Mn (in-plane, 
collinear and compensated) leads to changed exchange interactions. The 
different results are explained by the distinct spin structures and therefore 
changed interaction mechanisms. Also a comparison between the model 
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FeMn-system (see section 2.4) and FeMn measurement results is made. 

4.1 Cu/Ni/Co/Cu-samples 

The samples that are examined at first had no AFM layer. The two samples 
measured have Cu(001)/25Á Ni/0-5 ML Co/50Á Cu and a Cu(001)/50Á 
Ni/0-5 ML Co/50Á Cu layers. A ML is estimated to be 1. 75Á thick for all 
used materials. The exact thickness of anatomie layer is not known because 
Ni, Co and Mn are grown on Cu, which has an infiuence on the ML thickness, 
but the used estimation will be very close. These samples will be called in 
the following thin and thick respectively, with these samples the magnetic 
interactions of Co on Ni on Cu(OOl) are examined. Measurements are per
formed with longitudinal and polar MOKE. Some examples of the loops are 
shown in figure 4.1. For the Ni-thicknesses used the magnetization would 
rotate from out-of- to in-plane with increasing Co, because Co has an in
plane anisotropy, which pulls the spins into the sample plane [12]. The polar 
MOKE loops show an easy axis behavior at low Co thickness (below 2-3 ML 
Co, dependent on the Ni-thickness), and a hard axis behavior for thicker Co 
layers. From such loops He and HB, if present, can be determined. The cor
responding in-plane results, measured along the [1l0] direction, can beseen 
in figure 4.2. The odd shaped loops measured at low Co thickness indicate 
mixing of the longitudinal MOKE signal with an out-of-plane magnetization 
component, these loops appear at the same Co thicknesses as where the po
lar ones show a (partial) easy axis behavior. No 100% easy axis behavior is 
seen at 5 ML Co, therefore the [1l0]-direction can not be called the easy axis 
direct ion. 

In figurc 4.3 thc out-of-plane He decreases at a ccrtain Co thickness, while 
the in-plane He starts to increase at that point. The point where the in- and 
out-of-plane coercivity cross is called the spin reorientation transition (SRT). 
The SRT is the point were the magnetization switches from in-plane to out
of-plane and the total anisotropy is zero. It is known from literature [e.g. 
11,12] that Ni grown on Cu has an out-of-plane spin configuration, because of 
the strained growth on the Cu-substrate in the used thickness range. With 
increasing Co thickness the out-of-plane anisotropy will decrease and at a 
certain thickness the sample will become in-plane magnetized. In the used 
sample the SRT point lays at 2.4 ML Co for 50Á Ni (see figure 4.3) and 
at 1.2 ML Co for 25Á Ni. A linear behavior in the Co- and Ni-thickness 
is expected for the SRT [12], because the volume FM anisotropies increase 
linear with sample thickness. From the SRT line the ratio between Co and 
Ni anisotropies can be determined. As seen in section 3.2.3 it is not possible 
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Figure 4.1: Polar MOKE loops of a 50À Ni/Co-wedge sample grown on Cu(Oül) for 
varying Co thickness. The loops change from easy axis to hard axis with incre&c;ing Co 
thickness. The Co thickness is given in the graphs. At 2.4 ML a intermediate loop can be 
seen, where the easy axis is at 45° with the polar magnetic field, the in-plane direction of 
the easy axis can not be determined with these results. The spin reorientation transition 
(SRT) takes place roughly at that point. 
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Field [kAlm] 

Figure 4.2: Longitudinal MOKE loopsfora 50Á Ni/ Co-wedge sample grown on Cu(OOl) 
at varying Co thickness, measured along the [110] direction. Results can be compared with 
thc ont-of-plane loops in fignre 4.1. At 3 ML Co and thinnm Co layers the magnctization 
has already an out-of-plane component, which leads to strange looking loops. For 5 ML 
Co coverage still no 100% square loop is seen which should indicate the easy axis, therefore 
the [110] direction can not be called the easy axis with certainty. It is also possible the 
rounded loop is caused by magnetic domains, in that case no square loop will be found in 
any direction. 
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Figure 4.3: Coercivity results for the Cu/Ni/Co/Cu-samples. Black symbols indicate 
the polar results and open symbols the in-plane results. Squares are for the thick sample 
and circles are for the thin sample. The thick Ni sample has a 50Á Ni layer and the thin 
sample is for 25Á Ni. The SRT takes place at 2.4 ML Co for the thick sample and at 1.2 
ML Co for the thin sample. For the thicker sample an out-of-plane as well as an in-plane 
coercivity increase can be observed. 

to show correct in-plane results at low Co thickness, the out-of-plane and 
longitudinal Kerr effect mix in that thickness region. 

In figure 4.3 one can see that the coercivity is approximately four times 
higher for the thicker (50Á) Ni sample, compared to the thinner (25Á) sample 
for bath polar and in-plane measurements. The bulk anisotropy is becoming 
more dominant for the thicker sample. The bulk anisotropy is larger than the 
interface anisotropies in the measured samples. Therefore a higher external 
field is needed to reverse the magnetization, this means He will increase. 

Figure 4.4 shows two MOKE loops on the thick Ni sample at 5 ML Co, as 
well as the in-plane coercivity measured along the [110] and [100] direction. 
Bath loops are not square, which means they can bath not be called the easy 
axis loops with certainty. The loop measured along the [100] direction is less 
rounded, and the He is higher, and therefore the [100] axis is more likely to 
be the easy axis, although the anisotropy energy differences are quite small. 
The rounded loops can also be caused by domains, only if all spins rotate 
coherently time a square loop is found. 
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Figure 4.4: Two examples of in-plane MOKE loops measured at 50À Ni + 5ML Co 
thickness, measured along the [110] and [100] direction and the He in measured along the 
[100] and [110] direction. Both loops do not show a real easy axis behavior, therefore the 
in-plane easy axis can not be determined from these results, although the [100] direction 
is somewhat more probable. 

In conclusion, at the used Ni-thicknesses, Co-wedges of 0-5 ML can be 
grown to obtain in- and out-of-plane magnetization in a single sample. The 
Ni has an out-of-plane anisotropy at the used thicknesses, but only a few ML 
Co, which has an in-plane anisotropy are needed to pull the magnetization 
in plane. In-plane results on samples with an out-of-plane magnetization 
component (means at low Co thickness) should not be taken into account, 
because mixing with of longitudinal and polar MOKE will occur in those 
samples. In-plane and out-of-plane the coercivity have approximately the 
same value, this means the in-plane and out-of-plane anisotropy will have 
approximately the same value. The coercivity of the thick sample is sig
nificantly higher than the H c of the thin sample, more magnetic material 
means a higher total anisotropy energy and therefore a higher field is needed 
to switch the magnetization. Results in the in-plane [110] and [100] direction 
differ too little to draw any conclusions about the in-plane easy axis, although 
the somewhat higher remanence and coercivity in the [100] direction indicate 
a [100] easy axis. 
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4.2 Cu/Ni/Co/Mn/Cu-samples 

Several Cu/Ni/Co/Mn/Cu-samples are produced. Ni and Co wedges are 
grown to examine the FM thickness dependenee of the exchange coupling and 
Mn samples are fabricated to examine the AFM thickness dependence. These 
measurements will give an insight in the anisotropy and coupling energies. 

4.2.1 The Co-wedge samples 

Two Co-wedge samples are fabricated, a Cu(001)/25Á Ni/0-5 ML Co/25 ML 
Mn/50Á Cu sample and Cu(001)/50Á Ni/0-5 ML Co/25 ML Mn/50Á sam
ple. These wiil be called the thin and thick sample respectively. First polar 
MOKE measurements have been performed on these samples. No exchange 
bias was found. The AFM and FM spins are expected to align perpendicu
lar, where the AFM has an in-plane structure and the FM an out-of-plane 
structure. Defects at the interface layer, which are the assumed cause for 
exchange bias (section 2.1.3) are expected to stay in-plane. The defects 
spins wiil thus always stay perpendicular to the FM spins and therefore no 
coupling is present, thus no exchange bias should be found (further explana
tion in chapter 5). The Mn samples are compared to the pure FM samples 
(section 4.1). It can beseen in figure 4.5 that the coercivity increases signif
icantly when the samples are covered with Mn. This increase is caused by 
the spin flop effect (section 2.1.2). Thinner FM layers giving larger effects 
support that it is an interface term. The approximately 1/tFM-dependence 
wiil be shown fortheNi-wedge sample, which has a wedge over a much larger 
thickness range (section 4.2.3). 

This sample has also been measured with in-plane MOKE. The results 
are shown in figure 4.6. The coercivity enhancement can again be seen in 
both measurements. Because the thicker sample with Mn at a Co coverage 
of less than 3.5 ML starts to become already out-of-plane magnetized, it has 
a lower in-plane He than the sample without Mn in that region. 

An interesting feature of these measurements is the ML asciilation of H c. 
We expect that this asciilation is caused by roughness of the interface. At 
a full ML the roughness of a sample is less than at a half full grown ML. 
From section 2.1.3 follows that rongher surfaces lead to a lower coercivity, 
because defects at the interface layer rednee the frustration of the interface 
spins. The amplitude of the osciilations increases because the sample be
comes more in-plane magnetized. In the thicker sample no osciilations are 
seen because of two reasons. The first is that coupling is an interface effect, 
when the sample is becoming thicker, bulk properties wiil dominate and in
terface effects decrease with 1/tFM· A second reason for the decreaseis that 
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Figure 4.5: The effect of 25 ML Mn on the polar He for Co-wedged samples. The solid 
squares represent the 25Á Ni/Co sample, the solid gray triangles the 50Á Ni/Co sample, 
the open squares the 25Á Ni/Co/Mn sample and the open triangles the 50Á Ni/Co/Mn 
sample. The Mn thickness was 25 ML. The inset shows MOKE measurements for 25Á 
Ni/ 0.3ML Co without Mn (black line) and with Mn (gray line). Ftom such MOKE 
measurements He is determined. 

thicker samples will have a somewhat rougher growth, if no clear layer by 
layer growth is obtained the ML oscillations can notbeseen either. 

The maxima in He are found at approximately a half full ML Co. From 
the theory it is expected maxima in He should appear at a fiat Co-Mn 
interface, because the frustration is there the largest. Therefore we assume 
the layer is fiat at a He-maximum. The Co an Ni layer thickness tagether 
should be an integer number of ML to obtain a fiat interface, for example at 
14.2 ML Ni and 4.8 ML Co should be a He maximum. The Co is expected 
to first fill the holes in the Ni surfaces, before it grows a new layer, see figure 
4. 7. The exact Ni thickness is not calibrated very well, the error made in the 
Ni thickness can be around ~ ML. Therefore no conclusions about the phase 
of the oscillation can be drawn. However a good relative thickness accuracy 
is obtained (0.2Á), because the measured period of the oscillations is almost 
exact 1 ML. 

In-plane exchange bias is measured with these samples, as can beseen in 
figure 4.8. The results are noisy so no oscillations can be seen, although these 
are expected from our model (section 2.4) and literature [26,27]. The results 
are noisy because the measured bias ( ~19kA/m) was very small compared 
to the measurement range (160kA/m). The measurement range could not 
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Figure 4.6: The in-plane coercivity fora Ni/Co- and a Ni/Co/Mn-sample as a function 
of the Co thickness. Black squares are for the Ni/Co-sample and open squares for the 
Ni/Co/Mn-sample. Both samples have an increased in-plane coercivity when covered 
with Mn. ML oscillations in He as a function of cobalt thickness are found for the thin 
sample. The thick sample is already too thick to see these effects. 
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Figure 4. 7: Explanation for the phase shift of the He-maxima. The maximum of the 
coercivity should appear when the roughness of the Co-Mn interface is minimal, because 
frustration of the spins is maximal then (see section 2.1.3). Because the Co first fills the 
holes in the rough Ni layer, the smoothest interface and thus the maximum of He does 
not have to be at a full Co layer. 
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Figure 4.8: Exchange bias for the thick (squares) and thin (circles) sample. The sample 
is annealed in the [001] direction and measured in the [110] direction. Measurements show 
much noise, but bias is clearly measured at these Co thicknesses. 

be too small, at a low field range the sample will not saturate and thus inner 
loops will be measured. The measured H c is not correct in that case. The 
samples are probably already too thick to see Hs oscillations, they have 
become smaller than the noise. For Cu/Co/Mn/Cu-samples the oscillations 
are in the order of 1 kA/m at 13 ML FM thickness [27]. The total FM 
layer in our samples is at least 17 ML thick, expected oscillations should 
therefore be < 1kA/m. Only the least noisy results are shown, but results in 
other annealing and measurement direction showed no significant differences. 
The thick sample measurement is annealed along the [001] axis and the thin 
sample is annealed along the [110] axis. Both measurements were along the 
[110]-axis. 

It is found exchange bias decreases with increasing Ni thickness. The 
thickness dependenee is hard to verify here, because we use two different 
FM layers and we thus have only two measurement points (25Á and 50Á). 
The Co thickness dependenee is also hard to determine because we have only 
results over 2.5 ML of the Co wedge, where the total FM thickness is much 
higher. For the thick ( 50Á) Ni sample exchange bias was only found after 
annealing the sample, so the as grown sample probably had many domains. 
A second or third annealing gave only small changes. 
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4.2.2 Annealing effects for Mn 

Samples have been annealed at 180°C in a magnetic field of H = 2.4 · 102 

kA/m. FM spins over the whole sample will align in the field direction when 
annealed in a magnetic field. Annealed samples should have a better defined 
magnetization, domains should be reduced. The effect of annealing is stuclied 
for different field directions during annealing, to examine if this could have 
an infiuence on the spin structure. The field has been in the [110] and [001] 
direction of the crystal during different annealing cycles. As can be seen 
in figure 4.9, the effect of the annealing was small. Annealed samples seem 
to have slightly higher in-plane bias and a slightly lower out-of-plane He. 
This can be explained if some defects spin become directed along the FM 
direction during the anncaling cycle. The Malozemoff model also suggests 
defect spins to couple to the FM ( section 2 .1.1). The parallel coupling will 
increase the exchange bias and lower the coercivity. However, the in-plane 
coercivity should also show a decrease then. This is not the case, therefore 
more experiments will have to be dorre to draw a final condusion on this 
small effect. 

The observed effects are almost negligible, therefore it can be deduced no 
significant intermixing between the layers takes place. Also in the exchange 
bias no big differences are found, although these measurements are too noisy 
to draw real conclusions. The measurements are very noisy because a large 
field is needed to saturate the magnetization, while HB is only small (~ 10% 
ofthe maximal field). The lower bias at 4-5 ML Co ofthe as grown sample can 
be explained by the fact that domains are probably present in that sample. 
Therefore a magnetic switch and the exchange bias are not well defined for 
this measurement. 

An effect that can be explaincd is the minima in oscillations have a higher 
He value for annealcd samples. This can be clearly seen at a cobalt thickness 
of 5 ML. The maxima in He have an almost equal value. At the He maxima 
a full grown layer is expected for annealed as wellas as grown samples. At the 
minima a half full grown layer is expected. The annealed samples will have 
more island growth at half full grown layer and therefore a fiatter interface. 
A fiatter interface means the spin flop effect and thus the He will be larger. 

4.2.3 The Ni-wedge samples 

Cu(001)/11-46 ML Ni/2 ML Co/50Á Cu- and Cu(OOl)/11-46 ML Ni/2 ML 
Co/25 ML Mn/50Á Cu-samples are used to examine the Ni-thickness depen
denee on the coupling. A Ni wedge of 11 to 46 ML Ni is covered with 2 ML 
Co. A Co thickness of 2 ML is used to be able to see the SRT, for the pure 
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Figure 4.9: The annealing effects on He and Hs of a 25Á Ni/ Co-wedge/ 25ML Mn 
sample. The black squares indicate the as grown sample, the open circles the sample 
annealed in the [110] direction and the crosses the sample annealed in the [001] direction. 
The smaller symbols in the He graph indicate the polar measurements ( <3 ML Co) and the 
larger symbols indicate the in-plane measurements (>3 ML Co). In-plane measurements 
are done in the [110] direction. No large distinctions between different annealing cycles 
are found. 

FM sample this is possible. A thicker Co layer would lead to an in-plane 
magnetization over the whole wedge. A layer 2ML Co is used to be certain 
only Co couples to the Mn, thinner layers can still have holes where Ni cou
ples to Mn. One sample is covered with 25 ML Mn. The Mn increased the 
out-of-plane anisotropy, therefore the Mn-sample is out-of-plane magnetized 
over the whole wedge. Therefore only polar MOKE measurements are dorre. 
In figure 4.10 some distinctions between the Ni/Co and Ni/Co/Mn-covered 
sample are found. The Mn-covered sample shows a higher out-of-plane coer
civity over the whole wedge range. This is again caused by the spin-flop effect 
(section 2.1.3) and because the Co-Mn interface anisotropy is out-of-plane. 

It can beseen that He decreases with increasing Ni thickness in the Mn 
covered sample, where He increases with Ni thickness in the Ni/Co-sample 
in the used Ni range. He deercases for the Mn sample with tpM, because the 
coupling is an interface effect which deercases with increasing FM thickness. 
The pure FM sample shows an increase in the out-of-plane coercivity, because 
the anisotropy of the Ni layer becomes more dominant. At 22 ML Ni the 
in-plane anisotropies ( shape and magnetocrystalline anisotropy of the Co) 
are smaller than the magneto-elastic anisotropy of the Ni, the magnetization 
then becomes out-of-plane. 
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Figure 4.10: He vs Ni thickness fora Cu-covered (squares) and Mn-covered (circles) 
Ni-wedge/2ML Co-sample. 

The plot of He versus 1/tNi can be seen in figure 4.11. The expected 
1/tFM behavior of He on the thickness is found. The deviations of the 
straight line are possibly caused by interface roughness. 

4.2.4 The Mn-wedge samples 

Mn-wedge samples are grown to examine the AFM thickness dependence. A 
Cu(001)/25Á Ni/1ML Co/0-25 ML Mn/50Á Cu and a Cu(001)/25Á Ni/2ML 
Co/0-25 ML Mn/50Á Cu sample are produced. Because the samples are 
out-of-plane magnetized over almast the whole Mn wedge, no in-plane mca
surements aredoneon these samples. In figure 4.12 can be seen, that above 
approximately 7 ML Mn He is quite constant for increasing Mn thickness, 
taking the small oscillations not into account. Further research has to be done 
to understand the observed oscillations in the coercivity at Mn-thicknesses 
above roughly 7 ML, because a constant He is expected, taking into ac
count that the coupling is an interface effect [21]. The onset takes place at a 
thickness of 2.6 ML Mn for both Co thicknesses. The onset is thus indepen
dent of Co thickness in the used thickness range. For in-plane magnetized 
Cu/Co/Mn-samples the onset was also found at 2.6 ML[lO]. The onset seems 
thus also independent of Ni thickness and spin orientation. Below the onset 
thickness the Mn spins are paramagnetic, at 2.6 ML the Mn layer is thick 
enough to order antiferromagnetic. The coercivity for the sample with 1 ML 
Co is higher because that sample has a higher out-of-plane anisotropy. 
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Figure 4.11: The He as function of 1/tFM for the Mn-covered Ni wedge sample. A linear 
dependenee is found. Deviations can be caused by the interface roughness and because 
two different FM layers are used. 
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AFM onset is seen for both Co thicknesses. H c at 1 ML Co is higher than at 2 ML Co 
because the out-of-plane anisotropy is larger. 



4.3. MODEL RESULTS FOR MN 55 

4.3 Model results for Mn 

The model described in section 2.4 is compared with measurements, see figure 
4.13. The parameters in table 4.1 are used in the model. The Ni thickness 
is modeled such that the modeled phase of the osciilations matches with the 
measured phase. The amplitude of the J E 2-osciilations is given by CT jt}M (see 
section 2.4), a chosen constant divided by t}M, with tFM the total thickness 
of the FM (see 2.4). The exact dependenee on the Ni and Co thickness is 
probably more complicated. More research has to be done to find the exact 
thickness dependenee of the osciilations, but in a first approximation the 
1/t}M fits quite well to the results. lt means that the uniaxial exchange 
anisotropy osciilates between 0.04 +CT jt}M mJ /m2 for a full ML and 0.04-
CJjt}M mJ/m2 fora half full ML. He and HB areplottedas a function of 
the Co thickness. An asciilation in J E 2 is thus introduced. J E 2 leads to 
an enhanced He, thus it is logical an asciilating JE2 wiil also lead to an 
asciilation in the coercivity. However, from the model follows, that it not 
only leads to an asciilating He, but also to an asciilating HB in antiphase, 
although J El is constant. This is an indication that asciilating coercivity 
and exchange bias are two coupled phenomena. The physical reason is that 
He decreases with increasing number of defects, while HB increases then, 
see section 2.1.3. In chapter 5 wiil be explained how JE2 can infiuence the 
unidirectional part of the exchange energy. 

tNi 23.69A 
]El 0.05 mJ/m2 

JE2 0.04 =t= CJjt}M mJ/m2 

(J 2.2. 10-22 J 

Table 4.1: Model parameters for oscillating J E 2 constant J El· 

In figure 4.13 is shown that by introducing an asciilating JE2 the HB also 
starts oscillating ( chapter 5 for explanation). An asciilating J El-term wiil 
vice versa lead to an oscillating coercivity. It is even possible that J El and 
JE2 oscillate both (in antiphase). The explanation for this wiil now be given. 
A high J E 2 is caused by a high number of perpendicularly coupled AFM 
spins. A high J El is caused by a high number of parallelly coupled AFM 
spins ( defects). The tot al number of interface spins is constant, so if many 
spins are perpendicularly coup led, a high J E 2 is obtained and few spins are 
parallelly coupled. Therefore J El is low in this case. The other way around 
mean many defects (high JE1) that less spins are perpendicularly coupled, 
this leadstoa lower JE2. Therefore the model has been rerun with both JE1 

and J E 2 oscillating with the parameters of table 4.2 
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Figure 4.13: Comparison of the phenomenological model with measurements. Parame
ters are found in table 4.1. Squares indicate measurement and circles model values. The 
Ni thickness in the model is adjusted to obtain an equal phase of the oscillations. In the 
model the SRT takes place faster and later, therefore the modeled He-maximum at 3.6 
ML is too high and the modeled values for He and H 8 between 3 and 3.4 ML Co are too 
low. The SRT in the model is thus somewhat too sharp and at too high Co thickness. 

tNi 23.69A 

JEl 0.05 ± a/t~M mJjm2 

JE2 0.04 =Fa /t~M mJ /m2 

(J 1.1. 10 22 J 

Table 4.2: Model parameters with both JE1 and JE2 oscillating. 
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Figure 4.14: Comparison of the phenomenological model with measurements. Parame
ters are found in table 4.2. With an oscillating J E 1-term HB-oscillations become too large 
and H c-oscillations too small. 

The amplitude of the oscillations a jt~M is chosen to be half the amplitude 
of the single (only JE2 ) oscillation (table 4.1). Results are shown in figure 
4.14. 

With an oscillating JE1 term, the oscillations in He become too smalland 
the oscillations in HE are much larger than measured. From this results we 
can deduce the oscillations in J E 2 must be much larger than the oscillations in 
J El· This can be explained by the fact that not all defects lead to exchange 
bias, because they do not lead to uncompensated spins ( see figure 2.11). 
However, they do have a contribution toa lower coercivity by disturbing the 
spin-flop effect, because the interface is not fiat anymore. 

The model has also been compared with polar measurements. JE 2 was 
chosen constant because no oscillations are found in the out-of-plane coer
civity. JE2 is chosen equal to the value used for the in-plane model (0.04 
mJ/m2 ), because interactions between the same atoms with the same mag
netic moments take place as in the in-plane model. The unidirectional energy 
term is chosen zero because no bias is measured, we assume no bias because 
defects are expected to stay in-plane. The parameters in table 4.3 were used. 
The modeled exchange bias is zero, following from the zero unidirectional 
anisotropy. Therefore it is not plotted. The modeled coercivity has an equal 
shape and onset as the measurement, only the values are approximately 
twice as high, as can be seen in figure 4.15. This is common for the Stoner
Wohlfarth model, because domain forming and thermal excitations are not 
taken into account ( the model is based on the Stoner-Wohlfarth model [2,23]). 

Nevertheless, the in-plane model shows comparable values of measured 
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Figure 4.15: The measured (squares) and modeled (circles) out-of-plane coercivity for 

a 25Á Ni/Co-wedge/25ML Mn sample (thin) and a 50Á Ni/Co-wedge/25ML Mn (thick) 
sample. The modeled H c is higher because domains are not taken into account in the 
model. 

and modeled He. Domain formation seems to play a bigger role for out
of-plane magnetized samples, compared to the in-plane magnetized samples. 
Note, domain formation can also play a role for in-plane magnetized samples. 
If domain formation should have been taken into account in the model here 
the coupling constant J E 2 should be higher in value to get numerically equal 
results with measurements. An explanation why out-of-plane domain for
mation is more important than in-plane domain forming is given in chapter 
5. 

tNi 23.69A and 50A 
JE2 0.04 m.J/m2 

Table 4.3: Model parameters for out of plane He. 

The model has also been run with varying Ni thickness. These results are 
compared with measurements on the Ni-wedge. The values for JE1 and JE2 

were chosen the same as in table 4.3. The Co thickness was 2 ML. Results 
can be seen in figure 4.16. The shape of the results is again quite similar, 
although the model does give higher He-values, like in the out-of-plane Co
wedge model. Also a decrease in He is seen at Ni thickness below 13 ML, 
the spins in the model rotate in-plane already at this Ni thickness, in the 
measured result the SRT is just out of the measured Ni range. This can be 
explained again with the fact that in the Stoner-Wohlfarth model domain 
formation and thermal excitations are not taken into account. 
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Figure 4.16: The measured (squares) and modeled (circles) out-of-plane He fora Ni
wedge/ 2ML Co/ 25ML Mn sample. Model results are again higher because no domains 
or thermal excitations are taken into account. 

4.4 Cu/Ni/Co/FeMn-samples 

Besides Mn also measurements with another AFM are clone. This AFM is 
FeMn, which is often used as a model system for exchange bias. The FM 
layers in these samples are the same as in the Mn samples. Exchange bias 
and an enhanced coercivity are expected in all directions (in-plane and out
of-plane), because FeMn has a 3D spin structure (see section 2.3). 

4.4.1 Co-wedge samples 

Only Co-wedge samples are grown with FeMn because these are the most 
interesting wedges to measure. On the Co wedges an in-plane and out-of
plane magnetization can be obtained for the used FM thicknesses, while 
for the Ni wedges only an out-of-plane magnetization is measured for the 
used thicknesses. We want to use the same FM thicknesses to be able to 
make a direct comparison. A Ni wedge can then not be used to verify the 
suggested 3D FeMn spin structure, because this has only an out-of-plane 
magnetization. A FeMn wedge is expected to show a similar behavior for 
He as the Mn wedge, thus an AFM onset at a certain FeMn thickness and a 
quite constant H0 -value for thicker FeMn. A FeMn wedge should be grown 
to examine the exact thickness where the onset point takes place and to see 
if with FeMn also small oscillations are visible at larger thicknesses, like with 
Mn. Also the onset of the exchange bias can then be investigated. 
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The results in figure 4.17 support the idea of a three dimensional (3D) spin 
structure. Exchange bias and an enhanced coercivity are seen both in the 
in-plane and polar measurement. Similar measurements on the thin sample 
showed comparable results. On the thin samples, only a few normally shaped 
in-plane MOKE loops are measured (at higher Co thickness) and these results 
are therefore not shown. In other measured loops probably mixing with the 
out-of-plane signal takes place. For exchange bias an AFM spin component 
needs to be parallel to the FM spins, where for the enhanced coercivity a 
perpendicular AFM component is needed (section 2.1.3). The system shows 
exchange bias and enhanced coercivity in both polar and in-plane MOKE, 
the AFM spins thus have in-plane and perpendicular to plane components. 
The AFM spin structure is therefore 3D. 

Out-of-plane oscillations in He and a nonzero out-of-plane exchange bias 
are found with the FeMn sample, which are not found with the Mn sample. 
This will be explained further on this section. In-plane no oscillations in 
He are found in the thick sample, for thin samples loops are too doubtful 
to be certain oscillations take place. Oscillations in the polar He of the 
thick sample can still be seen because they are caused by a different stronger 
coupling mechanism than with Mn.l to be certain oscillations take place. 
Oscillations in the polar He of the thick sample can still be seen because 
they are caused by a different stronger coupling mechanism than with Mn. 

In this thesis further only polar MOKE measurements are shown for the 
FeMn samples. In-plane MOKE loops are doubtful, especially for low Co and 
Ni thicknesses. The out-of-plane signal intermixes with the in-plane signal 
for almast all measured Co thicknesses. Some examples of these loops are 
given in figure 4.18. The strange shape of the loops can be caused by the 
out-of-plane component of the magnetization or because the saturation field 
can not be reached with the used setup. 

In figure 2.12 three possible AFM spin structures are suggested. Rema
nenee measurements support the idea of Wang [13] that the spin structure 
of FeMn changes with the magnetization direction of the underlying FM, see 
figure 4.19. Wang suggests three possible spin structures. It is assumed the 
Co magnetization is influenced different by the different FeMn structures. In
deed, in the polar remanence measurements three plateaus are visible. The 
plateaus are an indication for the predominantly 1Q, 3Q and 2Q structures 
in FeMn. Between these plateaus quite smooth transitions occur. For similar 
Mn-covered and pure FM samples we suggest, that only two states ( ~ 100% 
remanence and ~ 0% remanence) are found with quite sharp transition, see 
figure 4.20. For ( almost) completely out-of-plane magnetized samples the 
FeMn structure is 1Q-like, because the coupling with the FM can pull the 
AFM interface spins more out-of-plane. This is below 0.1 ML Co thickness 
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Figure 4.17: The polar and in-plane values of He and HB of a 11[110] annealed 50À 
Ni/ Co-wedge/ 25 ML FeMn sample. The in-plane measurement is performed along [110]. 
Squares indicate He, circles indicate HB. 
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Figure 4.18: Three MOKE-loops of a 11[100] annealed and 11[100] measured 50À Ni/Co
wedge/25 ML FeMn sample. Odd shaped loops shapes are observed at low Co thickness, 
because of mixing with the out-of-plane signal. 
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Figure 4.19: Remanence and He of [001] annealed, thin (25Á) and thick (50Á) Ni/Co
wedge/FeMn samples. 

for the thin sample and below 0.6 ML Co for the thick sample. Here the re
manence is almost 100%, thus all FM spins are in the out-of-plane direction. 
FeMn grown on an in-plane magnetized FM is expected to have a structure 
that is 2Q-like, the remarrenee is here below 10% after the transition. The FM 
spins are here thus almost in the in-plane direction. The in-plane coupling 
with the FM spins pulls the AFM spins in-plane. This is at Co thicknesses 
above 2.6 ML Co for the thin and 3.7 ML Co for the thick sample. Thicker 
Ni layers lead thus to a more out-of-plane configuration, as in the earlier 
samples. In between the AFM structure is assumed to be like 3Q, here the 
remarrenee has a value around 71%. This indicates an angle between field 
and FM spins of approximately 45° (cos( 45°) ~ 0. 71). The FeMn leads to 
an extra stabie magnetization direction around 45° in the Co for a certain 
thickness range. 

FeMn samples are also compared with Mn and pure FM samples. The 
most striking results can be seen in figure 4.20. In the pure FM and the 
Mn covered sample the remarrenee drops fast (in the order of one ML) from 
100% to almost zero at the SRT. The Mn causes the sample to be longer 
out-of-plane (up to 1 ML higher Co thickness), the Co-Mn interface has thus 
a higher out-of-plane anisotropy as the Co-Cu interface. As it can also be 
seen in figure 4.19, is that the FeMn shows two transitions. The transition 
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Figure 4.20: Out-of-plane remanence and He for 50Á Ni, Co wedge samples. The black 
dots indicate the uncovered sample, the circles indicate the 25 ML Mn covered sample and 
the triangles the 25 ML FeMn covered sample. 

form 1 Q to 3Q takes place at very low Co thickness and the transition from 
3Q to 2Q takes place at a larger Co thickness compared to the other samples. 

The out-of-plane coercivity shows oscillations with FeMn, where no oscil
lations are observed with Mn, because the spin structure of Mn is in-plane. 
In Mn uncompensated interface spins caused by defects (like step edges) are 
also in-plane. All spins thus cant in the out-of-plane direction and therefore 
defects do not have an effect on the out-of-plane coercivity (see chapter 5). 
FeMn spins are partially out-of-plane and FeMn has a layered spin structure 
(see figure 2.12), therefore the out-of-plane He can oscillate. See figure 5.4. 

Note that for Mn oscillations can only be observed for the thin sample. 
The FeMn coupling with Co is stronger (see section 4.5), therefore oscillations 
in He can stillbeseen in the thick sample, although the amplitude of these 
oscillations is smaller than in the thin sample. 

The coercivity enhancement with FeMn is about twice as high as with 
Mn, although the angle between the AFM and FM spins should be smaller 
than in the Mn case. For Mn a perpendicular coupling is expected, then the 
spin flop effect is maximaL In the remarrenee graph of figure 4.20 can be 
seen that the angle in the FeMn case is much smaller (e.g. 60% remanence 
gives an angle of the field with the out-of-plane easy axis of 37°). The He
enhancement is still much larger then with Mn, thus the coupling between 
FeMn and Co must be much stronger than the coupling between Mn and 
Co. A cause of this can be that FeMn has a higher magnetic moment per 
atom than Mn. This is also found in calculations by Hafner and Spisak. For 
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Mn they found a magnetic moment of 1.5/-LB per atom [9]. In FeMn moment 
calculations they found moments between 1.65f-LB and 1.85/-LB for Fe atoms 
and 1.81!-LB and 2.12!-LB for Mn atoms [31]. The calculated values depend on 
the used approximation method. Probably more causes can be found for the 
higher He. Maybe even a completely different mechanism as the spin flop 
coupling is working for FeMn, as Antel et al. suggest [33]. They say the Fe 
forms an uncompensated interface, aligned with the Co. 

Out-of-plane also oscillations in HB are found. Figure 4.21 shows a clear 
example of the oscillations found. H B oscillations are only found in the 
thinner sample, oscillations in the thicker sample are probably too small to 
observe. Oscillations become smaller with increasing FM thickness, because 
bulk properties start to dominate and because roughness increases. Only 
oscillations in the pol ar He still can be seen in the thick FeMn sample, the 
coupling causing this effect is so strong that oscillations stay visible. For a 
thin Co layer (up to 2 ML) the out-of-plane He and HB are in antiphase. 
The difference with Mn is that highest bias is expected for full FeMn layers, 
because then an uncompensated plane will be present and the interface layer 
will thus have a net magnetic moment. At a half fulllayer a maximum coer
civity is expected for FeMn, insteadof at a fulllayer for Mn. The spin flop 
effect does not lead to two energetically equal states at a full ML, the differ
ence in energy causes exchange bias. At a half filled layer two energetically 
equal states are found before and after the magnetic switch, regarding the 
spin flop coupling. Therefore He will have its maximum there. See chapter 
5 for a further explanation of these effects. 

Also smaller ~-ML oscillations are found in the exchange bias on top of 
the larger ML oscillations. The oscillations seem to have a minimum at a half 
full grown and a full grown layer. In the conclusions ( chapter 5) an possible 
explanation forthese oscillations is given, although more measurements have 
to be done to draw definite conclusions. 

When the FeMn is going to the 2Q state, a phase shift in the coercivity 
and remarrenee oscillations can be seen. An explanation for this is given. It is 
suggested, the coercivity will have its maximum value at a fulllayer again in 
the 2Q-region, like in the Mn samples. The in-plane structure of FeMn leads 
to a similar mechanism as with the Mn samples, so coercivity will have its 
maximum at full ML for higher Co thicknesses, where it is maximal at half 
full ML for lower Co thicknesses. In the left part of figure 4.19 maxima in 
remarrenee and He are seen at 2 ML and 3.5 ML for example. Here the shift 
is from 3Q to 2Q takes place. The common spin flop effect becomes dominant 
again in this region. This will be further explained in the conclusions ( chapter 
5). 
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Figure 4.21: Out-of-plane He- and HB- oscillations of a [001] annealed 25À Ni, Co-wedge 
25 ML FeMn sample. Squares indicate He and circles indicate HB. 
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Figure 4.22: The effect of field anneal procedures on the out-of-plane remanence, coerciv

ity and bias of a 50À Ni/ Co-wedge/ 25 ML FeMn sample. Squares indicate the as grown 
sample, circles the 11 [001] annealed sample and triaugles the 11 [100] annealed samples. 
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4.4.2 Annealing effects for FeMn 

Bias and coercivity in as grown samples are not well defined, because domains 
are probably present in these samples. Samples are annealed to obtain better 
defined spin structures. FeMn samples were also annealed at 180°C in a 
2.4 · 102 kA/m magnetic field in [100] and [001 J directions. Measurements of 
the thick Ni sample are shown in figure 4.22. Although the measurements 
were quite noisy, a clear difference between as grown and annealed samples 
can be seen. Annealing causes out-of-plane coercivity and remarrenee to 
increase significantly, while the bias decreases. This can indicate a more in
plane AFM spin configuration after annealing, possibly caused by a stronger 
coupling to the Co, because the interface will be fiatter after annealing. It 
is assumed the Co pulls the FeMn then to a more 2Q structure. Correct in
plane measurements have to be done to check this. In-plane the bias should 
increase then, where He and the remarrenee should decrease. Similar results 
are found for the thin Ni sample, only less consistent, probably because 
measurements after the different annealing cycles are preformed at different 
fields. The field direction during annealing seemed to have only a small 
infiuence on the results, the coupling energies between the FM and AFM 
are therefore more important than the energy of the field. The peak in the 
remarrenee at 1 ML Co is caused by the oscillating behaviour of the He, if 
He becomes larger in a rounded loop, the remarrenee will also. 

4.5 Model results for FeMn 

The mcasured coercivity and bias of the thin FeMn samples are not very 
consistent for similar measurements. The valnes of He and H 3 could vary 
about a factor two and also the oscillations were much more pronounced in 
some measurements compared to other. Therefore a quantitative comparison 
between measurement and model turns out to be hard. In figurc 4.23 a 
comparison is made. 

In the model the Ni thickness is adjusted to obtain an equal phase of 
oscillations. The thickness is increased with 0.4Á compared to the calibrated 
25Á, the maxima in Hethen appear at the same Co thickness for measure
ment and model. In both model as well as measurement the oscillations 
are seen, although the amplitudes differ. The decrease in He with increas
ing Co thickness is also visible in both model and measurement. Only for 
very thin Co thickness (the 1Q-region) the model differs significantly of the 
measurement. The parameters are found in table 4.4. 

The model can only be fitted quite well for the 3Q structure, thus for Co 
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Figure 4.23: Comparison of the model He (open circles) and HB (open triangles) with 
a polar measurement ( H c is black squares and H B is black triangles) of a 11 [001] annealed 
25 A Ni/Co wedge/25 ML FeMn sample. 

tNi 25.4À 
]El 0.4- 2.5 · 10 22 jt}M · cos2(phase) mJ/m2 

JE2 0.36- 1.5 · 10 -22 jt}M · cos(phase) mJjm~ 

6 0.005 

6 0.04 

Table 4.4: Model parameters for out of plane H c. 
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thicknesses from 0. 7 up to 2.6 ML. Further it can be concluded two mech
anism are working simultaneously, consiclering the oscillating JE1 and JE2. 

What can be observed from the FeMn model results is the coupling constauts 
in the model are much higher (8 or 9 times) than the Mn coupling constauts 
to obtain a quite good resemblance with the measured He. Higher coupling 
constauts can be expected because FeMn has a higher (a bout 30%) magnetic 
moment per atom than Mn [9,31]. However, it is not likely the coupling 
constauts are really 8 times higher. The difficulty is that J El infiuences bias 
and coercivity, as wellas JE2. For example if a higher JE2 is used to model 
a higher He, the bias will become lower. Therefore it is hard to find the 
correct coupling constants. 



Chapter 5 

Discussion and Conclusions 

ML oscillations in H 8 and He are visible as a function of Co thickness. The 
oscillations are observed in polar measurements with FeMn and in in-plane 
measurements with Mn. Therefore it can be concluded highly crystalline 
samples with good layer by layer growth can be grown with the used MBE
setup. The thicknesses of the Ni and Co layers can be tuned to get an 
in-plane or out-of-plane FM. In the used thickness range Ni is an out-of
plane FM, because the growth on Cu(001), which has a slightly larger lattice 
constant, induces strain in the Ni [11]. This can be explained by the fact 
that the strain induces a magneto elastic anisotropy, which dominates the 
,shape and magnetocrystalline anisotropy for Ni layers above approximately 
8 ML up to approximately 56 ML, when strain relaxation sets in by inducing 
lattice defects [12]. Co is an in-plane FM. Only a few ML of Co on top 
of Ni leads to a SRT from out-of-plane to in-plane. Therefore in- and out
of-plane magnetization could be reached on a single wedge shaped sample. 
Samples covered with Mn maintained the out-of-plane spin configuration up 
to higher Co thicknesses (roughly 1ML higher than Ni/Co-samples). The 
Co-Mn interface anisotropy leads thus toa higher out-of-plane anisotropy. 

Above the AFM onset at 2.6 ML Mn coverage the Mn thickness depen
denee on the out-of-plane He is negligible. Small oscillations in He behavior 
are observed in that region, which have to be investigated further. This 
means that our FM/ AFM-coupling is mainly an interface effect. Although 
the exchange bias decreases with the FM thickness, an exact 1/tFM-behavior 
can not be unambiguously demonstrated, because the Co wedge of 5 ML is 
too thin compared with the total FM thickness. The enhanced coercivity 
shows an approximate 1/tFM decrease with the Ni thickness. Deviations are 
probably caused by interface roughness. 

E-fct Mn should have an in-plane spin structure. This can be concluded 
because out-of-plane no exchange bias has been measured, while in-plane 
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exchange bias has been measured, in spite of the suggested compensated 
spin structure. In the Schulthess and Butler model exchange bias is caused 
by uncompensated AFM spins, which can arise at interface defects. If the 
spin structure is in-plane, uncompensated spins will also be in-plane. This 
willlead to in-plane exchange bias, while out-of-plane no bias will be found. 
FeMn has uncompensated out-of-plane spins, which leads to oscillating out
of-plane exchange bias and coercivity. The in-plane easy axis direction is 
undetermined for both FeMn- and Mn-systems, because both measurements 
parallel to the [110] and [100] direction do not show square loops. The energy 
difference between spins in the [100] and [110] direction is thus very small. 
Domains can also be the cause of the rounded loops, the loop in the [100] 
direction is less rounded and therefore most likely to be the easy axis. 

In-plane oscillations in He were seen with Mn. The results on the bias 
measurements were too noisy too see also clear H B-oscillations, which were 
expected from our model. However, oscillations in in-plane He and HB were 
seen before [26,27]. The period of these oscillations matches with the thick
ness of a Co ML, therefore it can be concluded that they are caused by 
interface roughness. At a half full grown ML surfaces are expected to be 
rougher than on a full ML. A rough surface leads to many defects in the 
spin structure, which leads to a high exchange bias and low coercivity, as ex
plained in the theory (section 2.1.3). Another indication that the oscillations 
are caused by roughness is that they disappear at higher FM thicknesses, 
when the sample already grows too rough to distinguish separate monolay
ers. Measurements on a Cu(001)/Co-wedge/Mn-sample have already shown 
oscillating HB [26,27]. The added Ni layer increases the FM thickness, which 
willlead to a smaller amplitude of the HB oscillations. For the thickness of 
the used samples the amplitude of the bias oscillations will be below 1 kA/m 
if thc data in [27] are extrapolated. Our measurements are not accurate 
enough to abserve such small oscillations. 

Out-of-plane, no HB is measured for Mn, therefore no uncompensated 
spins from defects are directed perpendicular to the plane. Also no oscillat
ing He is measured, although the He is enhanced by the spin flop effect. 
Thus interface roughness does not play a role in polar measurements. The 
reasou for this is that for an in-plane AFM, all spins are in-plane, thus uncom
pensated spins arealso in-plane. When the AFM spins cant out-of-plane, the 
in-plane spin direction 1/J does not influence the spin flop effect, which causes 
the enhanced coercivity. Only ( is important ( see figure 5.1), that is the spin 
flop coupling angle. In-plane defects only vary 1/J, therefore roughness has no 
influence. 

With our model several charaderistics of the Mn/FM system can be 
explained. One striking condusion that can be drawn is that the induced 
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Figure 5.1: Out-of-plane canting of the AFM spins is independent of the in-plane spin 
direction 'Ij;. Therefore out-of-plane no roughness dependenee on He is expected. The 
plane is the xy-plane 

uniax:ial anisotropy ( J E 2) infl.uences both the coercivity and the bias. Also 
J El infl.uences both bias and coercivity. An explanation for this is given 
by plotting the exchange energy from equation 2.5 for varying JE1 and JE2. 
This can be seen as the total energy at zero field, when the ferromagnetic 
anisotropy is estimated to be zero, which is reasonable because the exchange 
energy is much more important in determining the coercivity (see figure 4.5). 
Note that fora= %, the AFM couples perpendicular to the FM easy axis, and 
the angle between the FM and AFM spins is (3- a. The enhanced He reaches 
its maximum at lfJ- ai = %, which means perpendicular coupling between 
FM and AFM spins gives the highest frustration of spins (see section 2.1.2). 
At (3 = 0 and (3 = 1r the FM and AFM couple perpendicular ( lfJ - a I = %) 
and there must be a minimum in energy, if only the uniax:ial energy is taken 
into account (JE1 = 0). 

The unidirectional coupling energy is minimal when fJ = o: for FM cou
pling and minimal for (3 = -a for AFM coupling. When the (uncompen
sated) spins of the AFM align with the FM the unidirectional coupling will 
have a minimum and thus the bias will be maximaL Thus at fJ = % the 
bias has its highest values. The exchange energy is the leading term for de
termining He, it is much larger than the FM anisotropy (::::::; lüx larger for 
a thin Ni sample). Therefore the FM-anisotropy is not taken into account 
in this explanation. In figure 5.2 the exchange energy is plotted for various 
values of J El and J E 2 · The fact that there are two energy minima in some 
graphs means there are two stabie solutions for the magnetization at zero 
field. This amounts to having a nonzero coercivity, the higher the energy 
barrier between the minima, the higher the coercivity. At a certain field 
there will be only one solution for the magnetization, this field is called He 
in the case of H 8 =0. The right graphs thus show that He decreases with 
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increasing J El· Exchange bias is reached when the minimum has a negative 
energy. The more negative this minimum is the higher the bias. It is shown 
that for increasing JE2 the energy minimum becomes more shallow, thus the 
bias becomes lower. 

Within our model it is also found that for the same values of exchange 
parameters JE1 and JE2 , out-of-plane the predicted He is much higher than 
the measured one, while in-plane measurement and model values are (almost) 
the same. It is expected that the modeled He is higher, because domain for
mation and thermal excitations are not taken into account. Only the order 
of the parameters J El and J E 2 can thus be determined. ln-plane domain 
formation also takes place, therefore the used parameters will be estimated 
too low if domains are taken into account in the Stoner-Wohlfarth model. 
The Stoner-Wohlfarth prediets the maximum possible He [2]. Domains can 
locally reduce the anisotropy [32]. Relative dependencies between the pa
rameters can be seen well in our model. Because the difference between 
model and measurement is much bigger in the polar measurement, out-of
plane domain formation should lead to a much larger energy decrease than 
in-plane domain formation. A possible explanation for this effect is given. 
lt is assumed that JE2-values stay the same for in-plane and out-of-plane 
measurements, because the magnetic moments of the atoms and the cou
pling mechanism do not change. In figure 5.3 an explanation for this effect is 
given. The magnetic energy outside the material is quite small for an in-plane 
single domain magnetized sample, because the poles are far apart (a). lntro
ducing domains leads only to a relatively small energy reduction in this case 
(c). Out-of-plane a single domain leadstoa wide spreading energy outside 
the material, the poles of the magnet are very close together in a thin film 
(b). lntroducing domains here leads to a much bigger reduction in energy 
and thns in He (d). Therefore more domains will be formed in out-of-plane 
magnetized samples, leading to a higher difference with Stoner-Wohlfarth 
theory. 

Interface roughness seems to have a larger effect on He then on H B for 
Mn. Measurements show clear oscillations in He, where oscillations in HB 
seem to be much smaller. Also quite good model results can be obtained with 
an oscillating J E 2 and a constant J El· This can be explained by the fact that 
not all defects lead to exchange bias (see figure 2.11). A step in the [110] 
direction will be the most often present step in our samples [24,26]. Theory 
prediets [100] steps and point defects lead to exchange bias, in contrast, [110] 
steps do not (figure 2.11). It is assumed that the number of [100] and point 
defects is less dependent on interface roughness, it is almost constant during 
growth. The number of [110] defects is expected to be maximal at a half full 
ML and minimal at a flat ML. These [110] defects do reduce the frustration 
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Figure 5.2: The exchange energy plotted as function of the magnetization angle /3 for 
different values of JE1 and JE2 , values are given in mJjm2 . 
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Figure 5.3: The energy reduction schematically drawn by domain formation for in- and 
out-of-plane magnetized samples. Lines indicate the spreading of the magnetic field lines. 
The different graphs are:( a) single domain in-plane (b) single domain out-of-plane, (c) two 
domains in-plane, ( d) two domains out-of-plane. 

of spins (at a half full ML), therefore the He enhancement is hindered, while 
the bias does not increase. The small number of [100] steps and point defects 
should thus lead to the exchange bias. 

For FeMn samples it is quite easy to see why HB should be maximal at 
a full layer interface, in polar measurements (see figure 2.12). The FeMn 
interface will then have all uncompensated spins in the out-of-plane direc
tion. With the Meiklejohn-Bean model (section 2.1.1) exchange bias is then 
predicted. At a half full layer spins are out-of-plane compensatcd, therefore 
low bias is expected then. 

To explain He-maxima at a half full layer is more complicated. This 
will be done with figure 5.4. A square lattice is drawn instead of the more 
realistic fct lattice just for simplification. Assume an AFM coupling (for FM 
coupling all AFM spins should be reversed) and layer by layer growth of the 
FeMn. Assume the FeMn spin structure is 3Q and has no defects at Co step 
edges. In figure 5.4 a 45° undisturbed spin angle with the plane is assumed 
in the drawings. The angles of the interface spins in the FeMn tilt toward 
the FM spins [13]. In the final state the FM spins are rotated 180°, the 
FeMn spins are therefore tilted away from the FM spins to the other side of 
the bulk angle and become more perpendicular to the FM spins. For a full 
layer interface the initial and final state are not energetically equal, leading 
to exchange bias rather than to an enhanced coercivity. However, on a half 
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full grown interface there is on average a ML step in the Co. The FeMn 
spin structure is layered (figure 2.12), thus when one layer has its spins up 
the next layer has its spins down. This means half of the AFM spins are 
antiferromagnetically coupled and tilted toward the FM spins and the other 
half are ferromagnetically coupled and tilted away from the FM spins in the 
initial state. If the FM spins now rotate 180° (a magnetic switch) and the 
AFM stays pinned, the first AFM coupled spins become ferromagnetically 
coupled and the initial FM coupled spins come AFM coupled. The energy the 
tilting of the AFM spins costs induces the enhanced He, like with spin-flop 
coupling. 

This situation holds when the FeMn is in the 3Q state. When FeMn is in 
the 2Q state the situation is similar to the Mn case, because AFM spins lie 
almost in-plane then. The Co spins still have a small out-of-plane component. 
This polar component is thus perpendicular coupled to the FeMn spins. The 
normal spin flop effect (section 2.1.2) will take place in the 2Q state. At a 
certain point (around 3ML Co fora 25Á Ni/Co-wedge/25 ML FeMn sample) 
FeMn converts from the 3Q- to the 2Q-state. Here He-maxima lie again at 
full ML, in contrast with the 3Q structure, maxima are expected to lie at 
half ML in that structure. Thus in a certain region there must be a phase 
shift of the coercivity peaks. 

In the FeMn measurements also extra oscillations in H B can be seen. 
Consiclering the shape of the oscillations, a small ~ML-period oscillation su
perposed on the ML H B oscillation is assumed. The sharp deep minima 
at a half full ML ( when both oscillating terms are negative) and the shal
low minima at full ML ( where only the ~ ML oscillations are negative) give 
indications of such oscillations. Therefore it is assumed two mechanisms 
working simultaneously are probably responsible for the oscillating exchange 
bias. The first, giving the ML oscillations is the uncompensated out-of-plane 
spin structure for full ML, which is compensated at half full ML. The other 
is probably exchange bias caused by defects. At a full ML the spins are 
compensated in the in-plane direction and at a half full ML spins are com
pensated in the out of plane direction. A compensated interface is thus found 
each ~ ML. If a compensated interface leads to less defects, then the exchange 
bias caused by this effect will have minima at a full and half full layers. lt is 
yet not known why compensated interfaces should lead to less defects. Fur
ther research has to be performed before a complete understanding of this 
phenomenon is obtained. 

Annealing has large effects on the FeMn samples. Especially the first 
anneal has a large effect, out-of-plane remanence and coercivity increase, 
where the bias decreases. The annealing field direction has only a small 
influence. A lower bias means less spins parallel to the out-of-plane field 
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Figure 5.4: Explanation for the highest coercivity at a half full ML for FeMn. At a 
full layer no Hc-enhancement is seen but only exchange bias. At a half full layer two 
situations are energetically equal. The canting of the interface spins leads to an enhanced 
coercivity. Only the spins in the interface layer are expected to couple, the AFM spins of 
the second layer are supposed to be unaffected. 
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direction, where a higher He means more spins are perpendicular to the 
polar field direction. This indicates that after annealing the spin ordering is 
somewhat more in-plane. 

Although there was quite a big quantitative mismatch between model and 
measurements, some features could be modeled for FeMn. The oscillations 
in He and H 8 are caused by a lML oscillation in JE2 and a~ ML oscillation 
in J El· More measurements (e.g. in-plane) should be done to fully explain 
and model the FeMn-system. In the model it is assumed that our coupling 
parameters are constant. Because the spin structure changes with thickness, 
J El and J E 2 are probably also not constant in reality. This is not taken 
into account in our model. What can be seen is that the coupling constants 
used are almost an order of magnitude higher as for Mn. A possible cause 
of this can be the higher magnetic moments of FeMn atoms, although that 
can not be the only reason for the higher coupling. It is hard to determine 
the correct coupling constants, because He as well as H8 depend on both 
coupling constants. Domain forming is nottaken into account, thus if in Mn 
samples domains will play a larger role than in FeMn samples, the coercivity 
in FeMn samples will also be higher. It can also be that a total different and 
much stronger coupling mechanism is working than the spin flop coupling, 
like Antel et al. suggest [33]. 

Exchange bias and enhanced coercivity are observed in the Mn as wellas 
in the FeMn system. Therefore both systems can be used as model system to 
obtain a full explanation for exchange bias. Mn has yet several advantages 
compared to FeMn. A first advantage is that a good stabilized growth of e-fct 
Mn on Co is reached [10], where the exact FeMn growth is quite unknown, in
termixing with the Co can take place [33]. However, some crystalline growth 
is reached, otherwise no ML oscillations in He (and H 8 ) should be visible. It 
is also unknown if Fe-Co or Mn-Co coupling is preferabie and if this coupling 
is AFM or FM. Furthermore the spin structure of Mn is much simpler. The 
Mn spin structure is in-plane, collinear and compensated. Interactions with 
a FM can be explained with the Schulthess and Butler model. The FeMn 
structure is 3D, which makes it almost impossible to interpret the in-plane 
MOKE signal. Also the spin structure changes, depending if the underlying 
FM is in-plane or out-of-plane magnetized. FeMn spins are thus not really 
pinned. This leads to very different interactions over the measured cabalt 
wedges. Various mechanisms are working simultaneously, which makes it 
hard to abserve them separately. Therefore Mn is more suitable as model 
system than FeMn. 

An advantage of FeMn is that it has a larger coupling with the FM, 
possible small effects (like the small ~ ML oscillations) will then be easier to 
detect. Another advantage of FeMn is that also out-of-plane exchange bias 
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can be observed, which is not the case in the used Mn system. This can 
possibly be solved by using c-fct Mn. 



Chapter 6 

Outlook 

E-fct Mn can be used as a model AFM system for the explanation of exchange 
bias. Only clear oscillations in the in-plane bias could not be detected in our 
samples, too much noise appeared in the measurements. These in-plane HB 
oscillations are expected from earlier measurements on Cu/Co/Mn/Cu sam
ples [26,27]. For this a thin, shallow, in-plane FM-wedge sample covered with 
Mn should be made. The sample must be thin, because bias and oscillations 
both decrease with increasing sample thickness, the interface roughness in
creases in that case. The wedge should be shallow to have enough measured 
points per ML, otherwise no clear oscillation will be visible. Of course the 
magnetization must be in-plane, so the Co-layer must be thick enough, be
cause bias is only measured in-plane. 

It should be tried to measure the in-plane component of magnetization 
for (partially) out-of-plane magnetized samples. With our MOKE setup this 
turned out to be hard because apolar Kerr effect component was measured 
simultaneously with thc in-plane component, which gave odd shaped loops. 
This can be possibly solved with the MOKE setup by decreasing the incoming 
laser angle. When the laser falls on the sample in a more shallow angle in 
the setup, the measured polar MOKE effect will be smaller. However a 
small out-of-plane component will always stay present. A disadvantage of a 
shallow angle will be that the reflected laser spot will be effectively larger, 
therefore it will become harder to perfarm exact local measurements. A 
different measurement technique can also be a salution to the problem. 

Co and Ni wedges of higher thickness covered with Mn with an in-plane 
magnetization should be grown the examine the thickness dependenee of H c, 
HB and the oscillations in He and HB. The predicted 1/tFM behavior for 
the bias and the phenomenological1/t~M decrease for the oscillations in the 
coercivity and exchange bias should be confirmed or the modeled thickness 
dependenee should be improved. No fundamental reason for the 1/t~M de-
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pendenee is given yet, it can only be concluded that the decrease should be 
faster than 1/tFM· lt decreases not only with sample thickness because the 
interface is becoming less dominant for thicker samples (reason for the 1/tFM 
decrease of H B), but also because sample roughness will increase for thicker 
samples. 

It would be interesting to stabilize c-fct Mn, which can also be used as 
model AFM. Measurements on these samples are predicted to leadtoa high 
out-of-plane bias and almost no out-of plane enhanced coercivity, because the 
FM and AFM spins will be aligned along the same axis then. ML oscillations 
are expected to be found in the out-of-plane measurements, because of the 
layered structure of c-fct Mn. In-plane no bias and no oscillating coercivity 
should be found, the AFM and FM will be perpendicularly coupled then, 
although it is possible defects will cause a bias and coercivity, as observed 
in for Cu3Au/Mn/Fe samples [20]. A possible material for this substrate is 
Cu3Au, which has a slightly larger lattice constant than Cu(001). The cja 
ratio will then be around 0.95 and Hafner and Spisak predict a layered spin 
structure for Mn then (see section 2.2). To perfarm experiments with c-fct 
Mn fi.rst a complete growth study of Mn on a FM on a Cu3Au-substrate has 
to be clone. Now only samples with the FM on top are known to us [20], 
therefore it has to be examined if Mn can be stabilized on a FM (Ni/Co) 
grown on Cu3Au. Growing the Mn on a FM can have an infiuence on the 
spin structure of Mn, because AFM interface spins interact with the FM [22]. 

In our model we predict that step edges leading to exchange bias are in the 
four-fold < 100 > direction (figure 2.11 for Mn. From STM measurements 
[26] can be concluded most step edges in Co are in the four-fold < 110 > 
direction. This is because the atoms are more closely packed in this direction, 
which leads to a smaller surface area and thus a smaller energy. Preferabie 
< 110 > step edges are also shown for Ni growth on Cu [24]. Therefore in 
our sample also preferabie < 110 > step edges are expected. The question 
is if the few < 100 > steps can cause a large enough bias field or if < 110 > 
steps can also lead to exchange bias, which would make the model even 
more complicated. STM measurements should be clone on our samples to 
obtain information about the growth. The ratio between < 100 > steps 
(causing bias) and < 110 > steps (not causing bias, but these do reduce the 
enhanced He) should be proportional to the ratio ofthe amplitudes He- and 
H B-oscillations. 

For FeMn-measurements (and insome casesalso for Mn-samples) a more 
powerful electramagnet should be used, to be able to reach full magnetic 
saturation in the samples. This is needed to be sure that no inner loops are 
measured. Although already many articles [e.g. 12,13,22,29-33] appeared on 
the subject, the exact coupling between FeMn and Co is also still a subject 
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of debate. lt is still not known if there is a preferabie coupling of Fe or Mn 
and if the coupling is FM, AFM or perpendicular. Growing a 1ML layer 
of Mn ( or Fe) between the Co and the FeMn can give more insight in the 
coupling, because those samples will have all Co spins coupled to the Mn 
(or Fe). If the Cu/Ni/Co/1ML Mn (or 1ML Fe)/FeMn sample will have a 
large similarity with the already measured Cu/Ni/Co/FeMn samples, then a 
preferabie coupling to the Mn ( or Fe) atoms will be likely. 

Growing an FeMn-wedge on similar Ni/Co layers is also a possible future 
experiment to obtain a direct comparison with our Mn-wedge experiments. 
These experiments can also be compared with other results on FeMn wedges 
[13,21]. Also should be checked if the oscillations at higher Mn thickness 
(after the AFM onset), which are also not explained yet for Mn, are also 
found with a FeMn wedge. 

Some interesting features, like the ~ ML H 8 -oscillation can be stuclied 
more extensive. We were not able to determine if these oscillations also 
appear in-plane, therefore correct in-plane measurements should be dorre. 
Because oscillations depend on roughness, STM measurements can also be 
performed here. 
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